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Abstract 
 
After emerging from the nest, hatchling sea turtles leave their nests and head 
towards the surf. When reaching the water, they immediately engage in a frantic swim 
commonly known as the 'swimming frenzy', which lasts between 24 to 48 h. During this 
period, hatchlings rely solely on their yolk reserves as their energy supply to reach 
oceanic currents that will transport them to distant foraging grounds, where they remain 
until returning as immature sub- adults. Previous work has found that swimming effort of 
hatchling sea turtles during the swimming frenzy varies across species. However, detailed 
information about the changes in powerstroke and dogpaddling rates during the frenzy 
swim had only been documented for green turtle hatchlings. Loggerhead turtles have a 
similar life cycle to green turtles, with an open ocean long distance migration, therefore 
similarities in the energetics of swimming during the frenzy phase were expected. 
Flatback turtles, on the other hand, are considered endemic to the Australian Continental 
shelf and are assumed not to have a distinctive mid-oceanic phase. For this reason 
flatback turtle hatchlings were expected to exhibit a different pattern of swimming 
behaviour. The main focus of my thesis was to understand how sea turtles behave, from 
an energetic point of view, during the first crucial moments of their off-shore dispersal. I 
also established a cross-species comparison, in order to understand if differences in life 
history strategies contribute to the energetics of swimming of this phase. I found that 
aerobic metabolic rate and swim thrust in these three species decreased sharply during 
the first 2 hours of swimming, followed by a less sharp decrease until 12 hours. After 12h 
of swimming, swimming effort and oxygen consumption remained constant at lower 
levels until the end of the trial (18h). Overall oxygen consumption rates and thrust 
production was higher in green turtles, followed by loggerhead turtles with flatback turtles 
being the least vigorous swimmers. Although the same three-phase swimming pattern was 
identified in each species, flatback hatchling swimming effort decreased at a higher rate. 
Furthermore, the swimming efficiency of flatback hatchlings started decreasing after 6 
hours of swimming, whereas it kept increasing in loggerhead and green turtle hatchlings. 
When analysing the factors that produce swim thrust in detail, green and loggerhead turtle 
hatchlings had similar power stroke rates and proportion of time spent power stroking, but 
the mean maximum thrust, and therefore overall thrust, was greater in green turtles. 
Flatback hatchlings, on the other hand, had overall lower values in all three components 
compared to green and loggerhead turtles, particularly in the proportion o f  t i me  spent 
power stroking. These results suggest that flatback turtles have a less intense swimming 
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frenzy, both in duration and distance of dispersal, which might be related to their 
restricted geographic distribution and to the absence of a pan-oceanic pelagic phase in 
their life cycle. 
The earliest stages of the frenzy swim are powered by both aerobic and anaerobic 
metabolic pathways. Analysis of changes in the concentration of blood lactate, glucose 
and corticosterone during the first four hours of swimming revealed a similar pattern in 
loggerhead and flatback turtle hatchlings. In these two species, blood lactate, glucose 
and corticosterone concentrations started high at crawling and progressively decreased 
over time. The pattern of green turtle hatchlings, however, appears to be different, with 
blood lactate and glucose concentrations peaking after 2 h of swimming and 
corticosterone peaking between 3 and 5 h of swimming. These results reinforce the idea 
that the highest energetic demand occurs at the beginning of the frenzy phase and that 
aerobic metabolism is the main energetic pathway used during the swimming frenzy. 
However, in flatback hatchlings, the aerobic contribution to swimming is lower than that in 
loggerhead turtle hatchlings, which supports the hypothesis that flatback turtle hatchlings 
have a less intense swimming frenzy. 
Powering off-shore swimming is not the only challenge hatchling sea turtles face 
during their off-shore dispersal. Predation rates are high after hatchlings emerge from the 
nest, particularly upon entering the sea. Social interaction between hatchlings while 
digging their way out of the nest and during beach crawl appears to increase their 
chances of surviving these phases of dispersal but the role, if any, of interactions 
between hatchling once they enter the water is still unknown. When investigating if 
loggerhead hatchlings interact with each other while swimming and if they react to non-
moving and moving predator stimuli, I found that after 2.5 minutes of swimming 
hatchlings established a set swimming direction, which was maintained throughout the 
rest of the swimming trial. Although not socially interactive, loggerhead hatchlings  adjust  
their  initial  swimming  direction  by  swimming  in  a  general  direction towards that of a 
sibling when a sibling is present. In the presence of a model fish predator (moving and 
non-moving), most loggerhead hatchlings became inactive and usually adopted a tuck 
position while drifting away. This response lasts between 24-27 seconds before 
hatchlings resume their swimming. These results indicate that loggerhead sea turtle 
hatchlings are able to visually recognise predators and differentiate them from other 
visual stimuli, such as sibling hatchlings. 
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1.1 General Introduction 
1.1.1 Species conservation status 
There are seven species of sea turtles worldwide, all of which are included on the 
IUCN Red List (IUCN, 2013). All species with the exception of the flatback turtle Natator 
depressus (Garman, 1880), are classified as threatened, mainly as endangered (EN) or 
critically endangered (CR) (IUCN, 2013). Both the loggerhead turtle Caretta caretta 
(Linnaeus, 1758) and the green turtle Chelonia mydas (Linnaeus, 1758) are classified as 
endangered (IUCN, 2013). However, because little is known about the flatback turtle, it is 
classified as data deficient (DD) (IUCN, 2013). 
 
1.1.2 Geographic distribution 
Sea turtles are found within the tropical and subtropical zones throughout the world, 
and all but two species, Kemp’s ridley turtle Lepidochelys kempii (Garman, 1880) 
(restricted to the Gulf of Mexico and eastern USA) (Bolten, 2003; Pritchard and Mortimer, 
1999) and the flatback turtle (considered endemic to the Australian continental shelf) 
(Limpus, 2008b) have global distributions (Miller, 1997). Loggerhead turtles have a broad 
distribution with major aggregations occurring in eastern USA (Ehrhart et al., 2003), Oman, 
Greece, Turkey (Margaritoulis et al., 2003), Mozambique, South Africa, Sri Lanka (Baldwin 
et al., 2003), southern Japan (Kamezaki et al., 2003) and Australia (Limpus and Limpus, 
2003). In Australia, loggerhead turtles congregate and nest along the eastern and western 
coasts (Limpus, 2008a; Fig. 1A). Similarly, green turtles have a worldwide distribution, with 
rookeries in the Mediterranean sea and Atlantic, Indian and Pacific oceans (Bowen et al., 
1992). In Australia, green turtle rookeries are found extensively along the eastern, northern 
and western coasts, with nesting grounds commonly found on the Great Barrier Reef 
(Limpus, 2008c; Fig. 1B). Flatback turtles are considered endemic to the Australian 
oceanic plateau and therefore have a restricted distribution, although they may reach as 
far as the Gulf of Papua in Papua New Guinea, coastal waters of Papua and of Kei, in 
Indonesia (Limpus, 2008b). Within Australia, nesting occurs along the eastern, northern 
and western coasts, some on the same mainland beaches as loggerhead and green turtles 
(Limpus and Limpus, 2003; Fig. 1C). 
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1.1.3 Morphological description 
The loggerhead turtle is the only current representative of the genus Caretta. The 
head and carapace are coloured reddish brown, the plastron is usually lighter, although 
with darker margins (Limpus, 2008a). In green turtles, the carapace is generally domed 
(Limpus, 2008c) and is coloured with streaks of brown, tan and black (Wyneken, 2001). 
The flatback turtle is the only extant member of the genus Natator. Initially, this species 
was misplaced in the Chelonia genus and although it may be confused with the green 
turtle, the morphological differences are clear: the carapace is flat, with very thin and oily 
scutes, and coloured olive-grey. The limbs and head have the same colour, although the 
latter also exhibits yellowish tones (Bustard, 1972), as it is found on the plastron.  
The carapace of the loggerhead turtle has non-imbricated (non-overlapping) scutes: 5 
vertebral, 5 lateral (coastal) pairs and between 12 to 13 marginal pairs, of which a pair is 
supracaudal (Limpus, 2008a; Fig. 2A). It also has 3 to 4 pairs of large inframarginal scutes 
without any pores (Limpus, 2008a). The head is relatively large and has a central scute 
connecting the 2 pairs of prefrontals (Limpus, 2008a; Fig. 2A). Similarly, the carapace of 
the green turtle has non-imbricated scutes: 4 vertebral, 4 lateral pairs and 12 pairs of 
marginal scutes It has 4 pairs of inframarginal scutes without pores (Wyneken, 2001; Fig. 
2B). The head is smaller than that of loggerhead turtles and has 1 pair of prefrontal and no 
preocular scutes (Limpus, 2008c; Fig. 2B). On the carapace of the flatback turtle the 
scutes are also non-imbricated but consist of 5 vertebral, 4 pairs of lateral scutes and 12 
pairs of marginal scutes (Limpus 2008b; Fig. 2C). On the ventral side, 4 large inframarginal 
scutes are found on the bridge, with no inframarginal pores within the scutes (Limpus 
2008b). The head has 1 pair of prefrontal, 1 pair of preocular and 3 pairs of postocular 
scutes (Limpus 2008b; Fig. 2C).  
As found in all sea turtles, the forelimbs of loggerhead turtles are elongated and the 
hind limbs have a paddle-like shape. In this species, each limb exhibits 2 claws (Kamezaki 
et al., 2003; Wyneken, 2001; Fig. 2A). Unlike loggerhead turtles, green turtles (Wyneken, 
2001) and flatback turtles (Pritchard and Mortimer, 1999), only have one claw on each 
limb.  
Loggerhead turtle hatchlings' carapace is coloured brown with some patches of grey 
and the plastron ranges from cream to brown, although it might exhibit some reddish tones 
(Kamezaki et al., 2003; Wyneken, 2001). Green turtle hatchlings' carapace is coloured 
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black and the plastron is white (Wyneken, 2001), whereas in flatback turtle hatchlings the 
carapace has a light olive-yellow coloration on the back and a white plastron with a yellow 
peripheral band (Pritchard and Mortimer, 1999). In Australia, the straight carapace length 
of loggerhead turtle hatchlings ranges from 3.90 to 4.69 cm (Limpus, 2008a), of green 
turtle hatchlings varies between 3.84 to 5.43 cm (Limpus, 2008c) and of flatback turtles 
from 5.39 to 6.65 cm (Limpus, 2008b). Although there are no reported measurements in 
the literature of the front flipper size of sea turtle hatchlings, green turtle hatchlings have 
the highest front flipper to body ratio, which could be related to their general fast swim 
speed compared to other sea turtle hatchlings (Wyneken, 1997).  
 
1.1.4 Habitat and Diet 
In general, after emerging from the nests, sea turtle hatchlings of all species rapidly 
crawl to the sea and swim off-shore (Bustard, 1972; Crouse et al., 1987). The part of the 
life cycle that comprises the first hours of life in the ocean until their return to coastal 
waters as larger juveniles is still relatively unknown and frequently referred to as the “lost 
years” (Musick and Limpus, 1997). It is widely believed, that during the lost years juveniles 
live a pelagic life either on continental shelf waters or in the open ocean feeding on surface 
plankton (Musick and Limpus, 1997) and pelagic organisms (Boyle and Limpus, 2008). 
With the exception of leatherback turtles which remain pelagic in the open ocean 
throughout their life, juvenile sea turtles return to the near-shore environment and switch to 
primarily benthic feeding after 5-20 years in the open ocean pelagic zone (Musick and 
Limpus, 1997). 
Once returned from the oceanic phase juvenile and adult loggerhead turtles spend 
most of their time in near-shore and inshore waters where they can be found on both soft 
and hard bottom substrate. Loggerhead turtles are almost entirely carnivorous, feeding on 
a wide range of organisms, from benthic invertebrates (molluscs, crustaceans, shellfish, 
jellyfish and sponges) to fish and sometimes algae (Bustard, 1972). Juvenile and adult 
green turtles are also found in similar habitats (Plotkin, 2003) but most are primarily 
herbivorous, feeding on seagrasses and algae (Mortimer, 1995). Both Loggerhead and 
green turtles have a strong migratory behaviour, travelling hundreds to thousands of 
kilometres between foraging grounds and breeding areas (Musick and Limpus, 1997).  
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Flatback turtles, however, exhibit a different type of behaviour. Both hatchling and 
adult flatback turtles appear to remain on the Australian continental shelf and, therefore, 
lack a true oceanic pelagic phase in their life cycle. Individuals are usually found in 
shallow, turbid waters and bays and nesting usually occurs on mainland beaches, 
continental island beaches and sandy cays (Plotkin, 2003). Their diet is essentially 
carnivorous, mainly of invertebrates such as sea cucumbers, corals and jellyfish, feeding in 
sub-tidal, soft bottom habitats (Australian Government Department of the Environment, 
2014).  
 
1.1.5 Life cycle and breeding characteristics 
All seven species of sea turtles exhibit similar reproductive behaviour. Mating takes 
place in shallow waters, in the vicinity of the nesting beaches, after which there is about a 
2 week interval prior to the first nesting event. When nesting, females access the beach, 
heading to the loose sandy areas above the high tide where they will dig an egg chamber 
and lay their eggs. At rookeries away from the equator, nesting occurs during the warmer 
months, while at rookeries nearer the equator continuous nesting may occur throughout 
the year (Miller, 1997). Since the mid 1970’s it has been known that incubation 
temperature determines the hatchling sex ratio in many reptile species (Booth, 2006). In 
sea turtles, the pivotal temperature (temperature that produces a sex ratio 1:1) falls in  the 
range of 28-30ºC and the sex determination period occurs during the middle third of the 
incubation period when the gonads are differentiating (Ackerman, 1997; Booth et al., 
2008). Incubation temperature also seems to play a role in determining swimming ability of 
hatchlings, as those incubated at lower temperatures have a poorer swimming 
performance (Booth et al., 2004; Booth, 2006). 
After laying, eggs incubate for 8 to 10 weeks (Miller, 1997), after which the hatchlings 
start emerging in groups from the nests, 1 to 7 days after pipping, usually at night, when 
the surface sand temperature is lower (Lohmann et al., 1997). Once out of the nests, 
hatchlings crawl towards the lowest brightest oceanic horizon and immediately enter a 
swimming frenzy that lasts approximately twenty four hours and takes them well off-shore 
(Lohmann et al., 1997). Post-hatchlings then spend 5-20 years feeding on planktonic and 
pelagic organisms in off-shore waters, the so called “lost years” (Miller, 1997). With the 
exception of leatherback turtles, that remain pelagic throughout their life, after the “lost 
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years” juvenile turtles move to near-shore waters and take up residence, engaging a 
benthic foraging lifestyle, until they become sexually mature (between 30 to 50 years old) 
(Miller, 1997). Depending on the species and local foraging conditions, every one to six 
years, adult males and females migrate to the nesting grounds and mate in the shallow 
waters, close to the nesting beaches (Miller, 1997). For females, the same nesting area is 
used throughout her life and is usually close to the beach (if not exactly the same beach) 
as the beach she emerged from as a hatchling (Miller, 1997). After mating, males return to 
their foraging grounds, while females remain adjacent to the nesting beach moving onto 
the beach at approximately two week intervals to nest and lay eggs. This stage ends when 
the female returns to her foraging grounds, after having laid two to six clutches (Miller, 
1997).   
The size of the clutch varies among species, ranging from 50 to 170 eggs (Lohmann 
et al., 1997). Loggerhead turtles lay about 110 eggs in each clutch (Schoeder et al., 2003), 
with a mean diameter of 40 mm and mean mass of 36 g (Miller, 1997). Females lay 
between one and seven clutches within a breeding season. Incubation temperature ranges 
from 25ºC to 33ºC and the incubation period, which is directly dependent on the 
temperature of incubation, spans from 6.5 to 13 weeks. Newly emerged hatchlings 
measure about 45 mm and have a mass of approximately 21 g (Miller et al., 2003).  
Green turtles' clutch size can range from 47 to 182 eggs (average of 113 eggs per 
clutch) (Limpus, 2008c), with a mean diameter of 45 mm and mean mass of 48 g (Miller, 
1997). Females lay between one and nine clutches within a breeding season. Like 
loggerhead turtles, Incubation temperature ranges from 25ºC to 33ºC, with the incubation 
period varying between 6.8 and 12.5 weeks (Limpus, 2008c). Newly emerged hatchlings 
measure about 49 mm and have a mass of approximately 23 to 25 g (Limpus, 2008c).  
Flatback turtles produce around three clutches per nesting season with an interval 
of 16 days between egg laying events. Clutch size averages 53 eggs, each egg being 
about 51 mm in diameter with a mass of about 80 g (Miller, 1997). Similar to loggerhead 
turtles, incubation temperature also ranges from 25ºC to 33ºC and eggs take 6.5 to 9 
weeks to hatch (Limpus, 2008b). Flatback turtle hatchlings are bigger than loggerhead and 
green hatchlings, about 61 mm in length (Pritchard and Mortimer, 1999) and with a mass 
of about 39 g (Miller, 1997). 
The breeding season varies among species but generally occurs in warm months. 
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In south east Queensland, Australia, loggerheads initiate their mating behaviour by the end 
of October, ceasing it at the beginning of December (peak in November). The nesting 
starts in late October, reaches its peak in late December and finishes in early March 
(Limpus, 2008a). Hatching starts in late December and continues until the end of April, with 
a peak in February and March (Limpus, 2008a). In green turtles, mating spans from mid-
September until mid-November (peak in October) (Limpus, 2008c). Nesting begins in mid 
to late October, reaches its peak in late December/early January and ends in late 
March/early April (Limpus, 2008c). Similar to loggerhead turtles, hatching spans from late 
December throughout the end of April, with a peak in February and March (Limpus, 
2008c). Flatback turtles, however, start mating in mid-October, nest between the end of 
October and early January, with peak nesting occurring in early December. Hatching 
occurs from early December until late March, with a peak in February (Limpus, 2008b).  
 
1.1.6 Aerobic metabolism 
Swimming is a strenuous exercise and for this reason organisms must be able to 
engage metabolic processes that can meet the high energetic demands of this activity. 
Physiological energy in the form of adenosine triphosphate (ATP) can be generated by two 
sources: aerobic metabolism and anaerobic metabolism (Dial, 1987; Warren and Jackson, 
2004). Aerobic metabolism yields ATP through the oxidation of foodstuffs. It is a more 
efficient process, as it produces more ATP per molecule of glucose metabolised - than 
anaerobic metabolism (Schmidt-Nielsen, 1997). In general, energy metabolism is 
determined by measuring the metabolic rate, which refers to energy metabolism per unit of 
time (Schmidt-Nielsen, 1997). Metabolic rate, can be assessed directly by measuring heat 
production or indirectly by measuring the rate of oxygen consumption (VO2) assuming that 
all metabolism is aerobic (Williard, 2013). The latter is frequently employed in comparative 
physiology studies, as the production of ATP is fairly constant per unit volume of oxygen 
consumed, regardless of the component being oxidised (Wallace and Jones, 2008). 
Methods to assess aerobic metabolic rates include closed and open system respirometry. 
In the closed system, the animal being monitored is placed in a completely sealed 
chamber and oxygen consumption is analysed over time by comparing the initial 
concentrations of oxygen and carbon dioxide in the chamber (i. e., the same composition 
found at room air) with the concentrations of those same gases at the end of the trial 
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(Williard, 2013). In the closed system experimental design, the environment will gradually 
become hypoxic. In the open system method, the chamber is also sealed but air is allowed 
to flow through the system continuously (Williard, 2013). Air is sampled at a constant rate 
and analysed for the concentration of oxygen and other atmospheric gases, therefore 
demonstrating changes in the rate of oxygen consumption over time (Williard, 2013). This 
type of system enables prolonged assessment of the metabolic rate, as the environment 
will unlikely become oxygen depleted.  Such methods have extensively been used in sea 
turtles to estimate the energetic effort of different life stages of their cycle (Booth, 2009; 
Wallace and Jones, 2008; Table 1). 
After emerging from nests, hatchlings run down the beach and as they enter the 
water, they immediately engage in a swimming frenzy (Lohmann et al., 1997). The 
swimming frenzy generally lasts 24 hours, with hatchlings using their yolk reserves as the 
sole energy supply during this time (Wyneken and Salmon, 1992; Wyneken, 1997). During 
the swimming frenzy, the first few hours in the water are the most energy demanding, with 
high overall swimming effort (Wyneken and Salmon, 1992) and oxygen consumption 
(Booth, 2009; Wyneken, 1997). As hatchlings move further away from shore, the 
swimming pattern changes, as do the energetic requirements (Chung et al., 2009a; 
Wyneken and Salmon, 1992; Wyneken, 1997; Wyneken et al., 2008). See Chapter 2 for 
further discussion. 
The energy required for swimming drops as hatchlings shift to non-continuous 
routine swimming (post-frenzy phase) from the second night in the water, with significantly 
lower VO2 and longer resting periods. Swimming gradually becomes confined to the 
daylight hours, with loggerhead and green hatchlings turtles reducing their night activity by 
up to 95% and 80%, respectively (Wyneken and Salmon, 1992). Flatback turtle hatchlings, 
however, only decrease their swimming activity by 13% (Salmon et al., 2009).  
 
1.1.7 Anaerobic metabolism 
Compared to mammals and birds, reptiles have a limited aerobic capacity to support 
intensive exercise due to the limitations of their cardiovascular and respiratory systems. 
During prolonged activities reptiles mainly use aerobic metabolism, which can be 
supported by relative short periods of anaerobic metabolism (Schmidt-Nielsen, 1997). 
During periods of anaerobic activity, lactic acid (lactate), which is the end product of 
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anaerobic metabolism in vertebrates, accumulates (Gleeson and Dalessio, 1989). High 
lactate levels lead to exhaustion and debilitates behavioural responses such as escape 
reflexes, potentially increasing the risk of predation (Milton and Lutz, 2003). However, 
recovery can be achieved after a resting period, if activity ceases and oxygen is available, 
with lactate being released from muscles back into the blood stream to be converted to 
glycogen in the liver (Schmidt-Nielsen, 1997). Fish and reptiles seem to be able to convert 
most of the accumulated lactate back to glycogen in muscles and liver, whereas mammals 
appear to only be able to convert lactate into glucose, mainly to be oxidised again to 
produce energy (Gleeson and Dalessio, 1989). Despite the lower energy yield and 
negative impacts related to extensive accumulation of lactic acid, anaerobic metabolism is 
vital for activity in hypoxic and anoxic conditions and during times of intense muscular 
activity (Schmidt-Nielsen, 1997). As such, determining the frequency and duration of the 
use of anaerobic metabolism will help to understand how energetically costly the swimming 
frenzy is. 
In hatchling sea turtles, swimming is fuelled primarily by aerobic metabolism (Booth, 
2009; Wyneken, 1997), but measurements of lactate concentration also indicate that 
anaerobic metabolism is utilised at least during the beginning part of the swimming frenzy 
(Dial, 1987; Baldwin et al., 1989; Hamann et al., 2007; Table 1). See Chapter 3 for further 
discussion.  
 
1.1.8 Stress hormone and activity 
All metabolic processes are regulated to some degree by hormones (Nelson, 2005; 
Neave, 2008). Catecholamines and glucocorticoids control several biochemical processes 
related to energy metabolism, such as hepatic glycogenolysis and gluconeogenesis, 
lactate accumulation and lactate release from muscles (Neave, 2008),  blood flow during 
physical exercise (Gleeson et al., 1993; Lance and Elsey, 1999a; Lance and Elsey, 1999b) 
and mobilisation of fatty acids from fat reserves (Hyyppä, 2005). Both groups of hormones 
are also involved in stress related physiological behaviours, such as flight or fight, and help 
adjust physiological processes related to seasonal changes, such as migration, breeding 
and hibernation (McEwen and Wingfield, 2003). While catecholamines play a role in rapid 
responses, glucocorticoids have a slow release into the blood stream, and therefore trigger 
more prolonged reactions (Jessop and Hamann, 2004). Corticosterone (B), or 'stress 
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hormone', is the most common glucocorticoid produced in reptiles and its concentration is 
known to vary at different stages of sea turtle life history (Hamann et al., 2002; Hamann et 
al., 2005; Hamann et al., 2007). For example, studies on stress hormone levels during the 
breeding season in adult sea turtles showed that concentrations change throughout the 
season and vary between sexes (Jessop et al., 1999; Jessop et al., 2000; Jessop, 2001; 
Jessop and Hamann, 2004; Jessop et al., 2004). However, although beneficial  for 
immediate use in acutely stressful situations, prolonged high concentrations of stress 
hormones depress the immune system, contribute to the loss of bone density (Lance and 
Elsey, 1999a), elevate metabolic activity, resulting in a depletion of energy reserves that 
would have otherwise been allocated to reproduction and growth (Milton and Lutz, 
2003). In addition, high levels of corticosterone are known to affect reproduction, through 
its actions on release of gonadotropin hormones (Mills et al., 2008) and might also 
influence osmoregulatory processes by causing excessive removal of electrolytes from salt 
glands (Bradshaw et al., 1972; Owens and Morris, 1985; Reina and Cooper, 2000). Low 
levels of this hormone, however, are believed to contribute to the imprinting of hatchling 
birds to natal regions (Owens, 1997), as also suggested for hatchling sea turtles (Owens 
and Morris, 1985). Corticosterone levels in hatchling sea turtles are very low a few days 
prior to emergence from the nest, during the beach crawl and during the first few days of 
the off-shore swim, all believed to be crucial periods in the imprinting of the natal nest site 
in hatchlings (Owens and Morris, 1985). 
Very little is known about the variation in stress hormone levels during the first few 
hours post-hatch in sea turtles, a life history stage in which physiological stress is likely to 
be high (Table 1). This topic is investigated in Chapter 3. 
 
1.1.9. Social and anti-predator behaviour in sea turtle hatchlings 
The challenges faced by hatchling sea turtles during the frenzy phase include 
avoiding predation and finding the correct off-shore direction to swim towards. While still in 
the nest, hatchlings dig their way up to surface as a group and this social facilitation is of 
utmost importance for the survival of the clutch, as it is thought that individuals do not 
have the strength to dig out of the nest by themselves (Carr and Hirth, 1961). Once on 
the beach surface, the more or less simultaneous emergence of many hatchlings is 
thought to increase the chances of survival by “swamping” potential predators (Carr and 
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Hirth, 1961). During the beach crawl, sibling hatchlings interaction continues to encourage 
forward movement towards the sea (Carr and Hirth, 1961). However, social interaction is 
assumed to cease once hatchlings enter the water, although no study has been 
conducted to test this hypothesis. Testing this hypothesis is one of the objectives of 
Chapter 4. 
Once in the water, predation of hatchling sea turtles is predicted to be high, as 
coastal waters are predator-rich areas (Gyuris, 1994) and, for this reason, off-shore 
swimming behaviour is expected to be related to this predator pressure (Wyneken et al., 
2008; Chung et al., 2009a). The 'predation risk' hypothesis suggests that off-shore 
swimming strategy of hatchlings is a result of the interaction between the distance 
needed to be swum in order to reach off-shore dispersing currents and the predator 
density in near-shore waters (Chung et al., 2009a; Salmon et al., 2009). According to this 
theory, green and loggerhead hatchling turtles are expected to change the intensity of the 
frenzy swim as they shift from near-shore to open ocean, swimming vigorously when first 
entering the water to rapidly escape the predator rich near-shore water, but then become 
more relaxed swimmers as they exit the near-shore waters and travel to the mid-oceanic 
areas (Wyneken and Salmon, 1992) where predators are relatively scarce (Gyuris, 1994). 
Likewise, hatchlings emerging on beaches further away from oceanic currents should 
maintain vigorous swimming for longer time periods (Wyneken et al., 2008; Chung et al., 
2009a; Putman et al., 2010). Hawksbill turtle hatchlings Eretmochelys imbricata are the 
smallest of all sea turtles species, and therefore potentially more vulnerable to predation 
(Gyuris, 2000; Chung et al., 2009a). This species does not have a clearly distinct 
swimming frenzy phase (Chung et al., 2009a); instead, its swimming strategy consists of 
drifting off-shore by hiding in flotsam, which is thought to be an anti-predator behaviour 
(Mellgren et al., 2003; Chung et al., 2009a). Post-hatchling loggerhead turtles also 
become immobile in the presence of predatory stimuli (Mellgren et al., 2003), whereas 
green and leatherback turtle hatchlings continue swimming (Wyneken et al., 1994). In 
Chapter 4, I investigated the anti-predator behaviour of newly emerged loggerhead turtle 
hatchlings. I hypothesized that the behaviour would be similar to that of post-hatchlings, 
as they would be more vulnerable to predation in near-shore waters (Gyuris, 2000).  
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1.2 Structure and aims of the thesis 
The general aim of this thesis is to provide more information about a vulnerable 
stage in the sea turtle life cycle, the 'swimming frenzy phase'. In particular, I examined the 
energetics of swimming, both  aerobic  and  anaerobic,  along  with  swimming  effort,  in  
order  to  understand  how hatchling sea turtles allocate their energy needs during this 
phase. Moreover, I investigate if sharing the first few steps of the frenzy phase as a full 
clutch is beneficial to each hatchling individually and what strategies hatchlings might use 
to overcome one of the biggest challenge of this phase, escaping predators. 
This thesis is divided into 5 Chapters: a general introduction (Chapter 1), three data 
Chapters (Chapters 2, 3 and 4) and a final general discussion with suggestions for future 
research (Chapter 5).  
Chapter 1 is a broad overview of the sea turtles biology, with a focus on the topics 
investigated in this thesis. 
Chapter 2 reports the aerobic metabolic rate and swim thrust of green, loggerhead 
and flatback turtle hatchlings during the first few hours of the swimming frenzy. The main 
aim is to understand how swimming effort changes throughout this time and how this is 
reflected in the use of aerobic metabolism. This Chapter also presents a detailed analysis 
of three major components of swim thrust: power stroke rate, mean maximum thrust and 
proportion of time spent power stroking. This detailed analysis reveals the contribution of 
each of these variables in the changes of swim thrust, thus enabling a better 
understanding of how swimming effort evolves throughout time. Moreover, this Chapter 
reports interspecific differences in the patterns of swimming effort, with special emphasis 
on the flatback turtle, a species with a distinctive different life history strategy 
compared with other sea turtles that is still poorly understood. 
Chapter 3 provides information on the use of anaerobic metabolism during the first 
few hours of the swimming frenzy. Blood lactate, glucose and corticosterone 
concentrations are reported for loggerhead and flatback turtle hatchlings, as all three 
blood metabolites contribute or are by-products of energy metabolism. This Chapter 
reveals and compares the relative contribution of anaerobic metabolism to powering the 
swimming frenzy and explores interspecific differences.  
Chapter 4 reports interactions between loggerhead turtle hatchlings during the 
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first minutes of the swimming frenzy and how emerging, crawling and entering the water 
as a group can help to establish a correct off-shore swimming orientation. Moreover, I 
investigate if newly emerged hatchlings exhibit the same anti-predator behaviour 
reported for older post-hatchlings.  
Chapter 5 summarises the findings of this thesis and reflects on possible future 
research directions. 
 
1.2.1 Study Area 
This study was conducted at the Mon Repos Conservation Park, as it is the largest 
and best managed (see below) sea turtle rookery on east coast mainland Australia, with 
yearly nesting by loggerhead turtles (Limpus, 2008a) and, to a lesser extent, by flatback 
turtles (Limpus, 2008b). 
Mon Repos (24° 48’ S, 152° 27’ E) lies on the Woongarra Coast, 12 km east of 
Bundaberg, Queensland, Australia. The Woongarra Coast is a 23 km long rocky coastline 
in south Queensland, delimited by the mouths of the rivers Burnett and Elliot and includes 
8 sandy beaches, of which Mon Repos is the largest (1.54 km) (Pfaller et al., 2008; Fig. 1).  
Mon Repos is bordered by rocky outcrops on both the northern and southern 
extremities. The beach is composed of two sand dunes, ranging from 0.3 to 2.1 meters in 
height (Bustard, 1972). The dune's flora consists of Casuarina equisetifolia (she-oak), 
Ipomoea pes-caprae (creeping vine) and Spinifex hirsutus (spring rolling grass), all 
essential to the stability of the dunes and restoration after erosion (Bustard, 1972). Nesting 
occurs primarily on the first dune, and the band of nesting typical varies between 5 and 20 
meters from the high tide mark. At the lowest tide, the distance between the first dune and 
the sea is 50-100 meters (Bustard, 1972). During this study, the southern end of Mon 
Repos beach had a less dense covering of behind the dune vegetation due to the 
presence of a caravan park.  
Mon Repos Conservation Park has been part of the Queensland Sea Turtle 
Research Program since 1968 (Tisdell and Wilson, 2000). This rookery is also part of the 
monitoring program of nesting populations of sea turtles on eastern coast of Australia 
(Limpus, 2008a; Limpus, 2008b; Limpus, 2008c) and for this reason is an ideal location for 
professional training and volunteering experience (Tisdell and Wilson, 2000). As an 
outcome, it has significantly contributed to the conservation of sea turtles in Australia and 
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neighbouring countries that share the same populations of sea turtles (Tisdell and Wilson, 
2000). 
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Chapter 2 
 
 
 
 
 
The energetics of the swimming frenzy: analysing early swimming behaviour in 
hatchling sea turtles – This Chapter is an amalgamation of Publications in Endangered 
Species Research (Pereira, C.M., D. T. Booth & C.J. Limpus (2012). Swimming 
performance and metabolic rate of flatback (Natator depressus) and loggerhead (Caretta 
caretta) sea turtle hatchlings during the swimming frenzy. Endangered Species 
Research17: 43–51. DOI: 10.3354/esr00415), and in The Journal of Experimental Biology 
(Pereira C.M., D. T. Booth & C.J. Limpus (2011). Locomotor activity during the frenzy swim: 
analysing early swimming behaviour in hatchling sea turtles. The Journal of Experimental 
Biology 214, 3972-3976. DOI:10.1242/jeb.061747). – Incorporated in Attachments. 
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Summary 
Swimming performance influences the dispersal success of sea turtle hatchlings 
when they first enter the water and engage in a ‘swimming frenzy’ which moves them 
rapidly off-shore. Previous studies have reported the swimming activity of sea turtle 
hatchlings during the first days of dispersal but very little is known about the energetics of 
swimming during the first hours, when the risk of predation is highest. I simultaneously 
measured swim thrust (in millinewtons, mN) and metabolic rate (in milliwatts, mW) of 
loggerhead and flatback turtle hatchlings during the first 18 h of the swimming frenzy and 
compared the results with previous data from green turtle hatchlings. I further analysed 
swim thrust in terms of power stroke rate, mean maximum thrust per power stroke and 
percentage of time spent power stroking. Metabolic rate was correlated with swim thrust in 
all species. Both swim thrust and metabolic rate decreased sharply during the first 2 h of 
swimming, continued to slowly decrease until 12 h in all three species examined, but then 
remained constant in green and loggerhead turtle hatchlings, but continued to decrease in 
flatback turtle hatchlings until experiments ended at 18 h. Flatback turtle hatchling’s 
metabolic rate was similar to green turtle hatchlings while loggerhead hatchlings had the 
lowest metabolic rate. Flatback hatchling swim thrust, decreased the fastest, falling below 
that of green turtle hatchlings within the first hour of swimming and falling below 
loggerhead turtle hatchlings after 12 h of swimming. Loggerhead and green turtle 
hatchlings had similar power stroke rates and percentage of time spent power stroking 
throughout the trial, although mean maximum thrust was always significantly higher in 
green hatchlings, making them the most vigorous swimmers in my three-species 
comparison. Flatback hatchlings were different from the other two species, with lower 
values overall in all three swimming variables. Their swimming effort dropped significantly 
during the first 2 h and kept decreasing until the end of the trial at 18 h. These findings 
suggest that flatback hatchlings have a different dispersal behaviour compared to green 
and loggerhead hatchlings. The shorter highly vigorous swimming period of flatback turtles 
might be explained by the fact that they do not swim into off-shore oceanic dispersing 
currents and this swimming strategy might be an adaptation to survive predators in a 
relatively constant predator density environment. 
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Introduction 
After emerging from nests, sea turtle hatchlings crawl to the sea and typically enter 
a ‘swimming frenzy’ which quickly moves them into off-shore oceanic currents (Salmon and 
Wyneken, 1987; Wyneken and Salmon, 1992; Hays et al., 2010). During the swimming 
frenzy, hatchlings swim continuously for approximately 24 h (Salmon et al., 2009), living 
solely on their yolk reserves (Wyneken and Salmon, 1992; Wyneken, 1997). Typically, 
swimming alternates between two gaits: (a) ‘power stroking’, a lift and drag based fore-
flipper movement used to produce high thrust and; (b) ‘dog paddling’, an alternated four-
flipper movement used when hatchlings surface to breathe (Salmon and Wyneken, 1987; 
Burgess et al., 2006; Booth, 2009). Previous studies have demonstrated that the highest 
power stroke rates occur early in the swimming frenzy (Salmon and Wyneken, 1987; 
Wyneken and Salmon, 1992; Burgess et al., 2006; Booth, 2009; Ischer et al., 2009) when 
the rate of oxygen consumption (VO2) is also greatest (Wyneken, 1991; Wyneken, 1997; 
Booth, 2009). As the swimming frenzy progresses, power stroking bouts become less 
intense, dog paddling bouts become longer and resting periods may increase over time 
(Burgess et al., 2006). Booth (2009) showed that swimming effort in green turtle Chelonia 
mydas (Linnaeus 1758) hatchlings can be divided into three phases: (a) rapid fatigue, from 
0 to 2 h; (b) slow fatigue, from 2 to 12 h; and (c) sustainable swimming effort, from 12 to 18 
h. The decrease in swimming effort is the result of a decrease in power stroke rate during 
power stroking bouts, a decrease in the proportion of time spent power stroking and a 
decrease in thrust produced per power stroke (Booth, 2009).  
Other studies have shown that there are intra-specific (Wyneken et al., 2008) and 
inter-specific (Wyneken and Salmon, 1992; Jones et al., 2002; Jones et al., 2007) 
differences in sea turtle hatchling swimming behaviour. Although green turtle, loggerhead 
turtle Caretta caretta (Linnaeus, 1758) and leatherback turtle Dermochelys coriacea 
(Vandelli 1761) are long-distance migratory species, green hatchlings are reported to have 
the largest aerobic scope (ratio of VO2 at rest to VO2 during maximal swimming), 
loggerhead hatchlings have an intermediate aerobic scope, and leatherback hatchlings 
have the lowest aerobic scope (Wyneken, 1997). It has been hypothesized that sea turtle 
hatchling swimming behaviour during off-shore dispersal has been moulded by selection to 
minimize predator encounters (the ‘predation risk’ hypothesis; Chung et al., 2009a; Chung 
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et al., 2009b; Salmon et al., 2009). Predation pressure in the near-shore environment and 
the distance between the nesting beaches and nearby oceanic currents appear to 
influence the vigour of the frenzy swim, with hatchlings swimming more vigorously when 
having to swim farther to reach off-shore oceanic currents (Wyneken et al., 2008, Chung et 
al., 2009a; Putman et al., 2010). 
Very little is known about flatback turtle Natator depressus (Garman, 1880) 
hatchling swimming behaviour (Wyneken, 1997; Salmon et al., 2009). Flatback turtle 
hatchlings are the second largest (Pritchard and Mortimer, 1999) and second heaviest 
(Miller, 1997) among sea turtles, after leatherback turtle hatchlings. Walker and Parmenter 
(1990) hypothesized that flatback turtle hatchlings might have a strong swimming ability 
because of their large size and presumably larger yolk reserves. If this statement is true, 
one would expect larger sea turtle hatchlings to generate greater swim thrust. However, 
comparative studies between loggerhead, green and leatherback hatchlings indicate that 
the larger leatherback hatchlings are slower swimmers, with slower flipper movements 
compared to smaller green and loggerhead turtle hatchlings (Wyneken, 1997). Flatback 
turtles are confined to the Australian continental shelf (Limpus, 2008b) and hatchlings do 
not disperse into mid-ocean currents (Wyneken, 1997). For this reason, it has been 
speculated that this species has an abbreviated swimming frenzy (Wyneken, 1997) and, if 
so, this phase might be less intense when compared to species that migrate to the mid-
ocean. A recent laboratory study reported that flatback turtle hatchlings swim more or less 
continuously for several days after entering the water (Salmon et al., 2009), but there is no 
record of how vigorously they swim during this time.  
In this study, I tested the hypothesis that swimming behaviour and the energetics of 
the swimming frenzy differ among species of sea turtles with different life patterns by: (a) 
measuring swimming performance (quantified by swim thrust) and metabolic rate during 
the first 18 h of the swimming frenzy in flatback and loggerhead turtle hatchlings and; (b) 
analysing swim thrust in terms of power stroke rate during a power stroking bout, mean 
maximum thrust per power stroke and the proportion of time spent power stroking in 
flatback and loggerhead turtle hatchlings. Previous data from green turtle hatchlings 
(Booth, 2009) were also added to the analysis to allow a broader comparison. I 
hypothesized that flatback hatchlings would have a shorter and less vigorous swimming 
 36 
 
frenzy characterized by lower overall swim thrust, lower power stroke rates and longer dog 
paddling periods because they do not swim long distances to reach oceanic currents 
(Limpus, 2008b). I further interpreted patterns of swimming effort and metabolic rate in light 
of what is known about the dispersal strategy of these three species.  
 
Material and Methods 
Study site  
This study was conducted at Mon Repos Conservation Park (24° 48’ S, 152° 27’ E), 
south east Queensland, the biggest and best monitored turtle rookery on the east coast of 
the Australian mainland (Pfaller et al., 2008). Several hundred loggerheads and about 10 
flatbacks nest at this site each year, and all females are tagged (Limpus et al., 1984; 
Limpus and Limpus, 2003; Limpus, 2008a; Limpus, 2008b).  
 
Evaluation of aerobic swimming performance  
Swim thrust and metabolic rate were measured in newly emerged loggerhead and 
flatback turtle hatchlings between 5th January and 11th February 2010. Nests were 
monitored for emergence throughout the night, and when an emergence event occurred, a 
single hatchling from a nest was selected and transported dry in a bucket to the laboratory, 
a process that took between 10 and 15 min. During this transport time, hatchlings crawled 
around inside the bucket, a behaviour similar to a wild hatchling crawling down the beach 
towards the sea.  
All hatchlings were weighed to 0.1 g on an electronic balance (AND Model EK-
1200A), and straight carapace length (SCL), straight carapace width (SCW), body 
thickness (BT) and right front flipper total length (RFFTL) were measured to 0.1 mm with a 
calliper (Kincrome Stainless Hardened S07702) before the swimming trial. Swim thrust 
(millinewtons, mN) and metabolic rate (milliwatts, mW) were measured simultaneously 
during the first 18 h of swimming, a significant period that comprises most of the changes 
of the frenzy phase, as shown by Booth (2009). Briefly, hatchlings were placed in a tank 
(34 cm long × 28 cm wide × 19 cm high) filled with 16 cm of 28°C water, the average off-
shore water temperature at Mon Repos (28 ± 1°C, Bennett et al., 1986). The water 
 37 
 
temperature was maintained by using a water heater (Resun Sunlike 100 watt, China). The 
tank was painted black except on 1 side, where a low intensity light was placed to induce 
directional swimming. The tank was sealed with a lid using vacuum grease. The lid had 
three 2 mm holes, one at the front corner to allow continuous air entrance, the second at 
the back corner diagonally opposite to the air entrance where a tube was attached to 
sample chamber air at a rate of 90 to 100 ml min−1, and the third in the middle of the lid 
where a monofilament tether passed through connecting a force transducer (MLT050 
ADInstruments) to a lycra harness that was fitted to the hatchling. The force transducer 
was connected to a bridge amplifier (ML112 ADInstruments) and the output of the bridge 
amplifier recorded via a data acquisition system (Power Lab 8/20 using LabChart v6.0 
software, ADInstruments). The tether’s length was adjusted so that the hatchling could 
swim freely but could not touch the walls or bottom of the tank. Water temperature in the 
tank was monitored by a thermocouple converter (SMCJ-T Omega.com, Omega 
Engineering). Air was drawn from the air space above the water, passed through a drierite® 
water absorber through a mass-flow meter (FMA 0-100 ml min−1 Omega.com, Omega 
Engineering) and through an oxygen analyser (PA-1B Sable Systems) and a pump before 
being vented to the atmosphere. The oxygen analyser was calibrated before and after 
measurements with high purity nitrogen and dried carbon dioxide-free room air. The 
oxygen analyser had a heated measurement cell with an inbuilt barometric pressure 
compensator so that small changes in room temperature (24 to 29°C) and barometric 
pressure (101.2 to 101.4 kPa) did not cause the baseline to shift, and the drift in span was 
always less than 0.02% during the measurement period. I assumed a linear drift in the 
span during this time to make a correction, but this correction was always very small (< 
0.02%). Likewise, the force transducer was calibrated before and after measurement by 
suspending a known mass from the force transducer. Signals from the oxygen analyser, 
flow-meter and thermocouple were sampled every 30 s, and the signal from the force 
transducer sampled at 40 Hz. In order to apply an instantaneous correction to metabolic 
rate (Bartholomew et al., 1981), the wash-out characteristics of the respirometry system 
were measured by flushing the system with nitrogen and monitoring the rate at which the 
oxygen concentration changed when room air was drawn into the system. These data 
were used to calculate the system’s effective volume. Metabolic rate (in mW) was 
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determined by first calculating oxygen consumption using Eq. 11.2 of Lighton (2008) 
assuming that the ratio of CO2 eliminated per O2 consumed, i.e. respiratory quotient (RQ) 
was 0.80 after the washout correction was applied to fractional concentration of oxygen in 
air entering the oxygen analyser (FO2out):  
 
 VO2 = 1.044 × FR × (0.2095 − FO2out)        (1) 
 
where FR = flow rate of dry air exiting the chamber and 1.044 = 1/[1 − 0.2095 × (1− 0.8)].  
 
Oxygen consumption was then converted to watts assuming an RQ of 0.80 and 
using an oxy-joule equivalent of 20.13 J ml−1 O2 (Lighton et al. 1987). As pointed out by 
Koteja (1996), when converting oxygen consumption into energy equivalents for metabolic 
rate, if one assumes an RQ of 0.8 instead of the actual RQ, the error introduced to the 
calculations is less than 0.6% over the entire physiological range of RQ because errors 
caused by an incorrect assumption of RQ are in opposite directions and essentially cancel 
each other out. Thrust, the force produced while swimming, was measured with a force 
transducer and calculated in mN by using the unit conversion facility option in the LabChart 
v6.0 software (ADInstruments). The force transducer was calibrated by hanging a known 
mass from it, and the force of the mass calculated by multiplying the earth’s gravitational 
acceleration (9.8m/s2) by the mass. Mean metabolic rate and thrust were determined for 
each individual turtle hatchling for every 10 minute interval throughout the entire 18 h 
period of swimming. 
 
Evaluation of swimming behaviour 
I analysed mean thrust in terms of mean power stroke rate per power stroking bout 
and proportion of time spent power stroking at 10 minute intervals throughout the entire 18 
h period of swimming. In addition, I determined the mean maximum thrust produced in 
each power stroking bout for each hatchling by sampling the raw data and calculating the 
mean between peaks of overall thrust (Fig. 3) at 10 minute intervals. The power stroking 
gait is easily identified through its high and quick peaks of thrust, condensed in short 
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periods of a few seconds (the power stroking bout) (Booth, 2009; Fig. 3). The dog paddling 
gait, on the other hand, produces a more irregular pattern of thrust, also of short duration 
but of lower intensity (Fig. 3). 
Furthermore, I also conducted a change point analysis in R (www.r-project.org) with 
the methods of CUSUM and Segmented Linear Models to determine when, in time, there 
were significant changes in swimming behaviour in terms of thrust and aerobic metabolic 
rate. 
 
Statistical analysis  
Data of mean metabolic rate and thrust for green turtle hatchlings from a previous 
study (Booth, 2009) were included to enable comparisons across three species. Statistical 
significance was assumed if p< 0.05. I estimated the relationship between swim thrust and 
metabolic rate in hatchlings using linear regression analysis. Interspecific differences in 
hatchlings mass, swim thrust and metabolic rate during the first 10 minutes of swimming 
after entering the water, and swim thrust and metabolic rate during the last 10 minutes of 
the swimming trial (i.e. after 17 hours and 50 minutes of swimming) were performed using 
a two-way analysis of variance (ANOVA; species and measurement time fixed factors). I 
selected these two time periods as they represent the beginning and end of the trial, hence 
giving a quick overall idea of how much swimming effort changes throughout time. Further 
one-way ANOVA comparisons between hatchlings of loggerhead and flatback turtle were 
performed for SCL (straight carapace length), SCW (straight carapace width), BT (body 
thickness) and RFFTL (right front flipper total length). Repeated measures ANOVAs were 
used to assess the effect of time and species on mean thrust production, power stroke rate 
during a power stroking bout, mean maximum thrust per power stroking bout and repeated 
measures ANOVA after an arcsin transformation was used to compare the proportion of 
time spent power stroking between species. For all four thrust variables, a Tukey post hoc 
test for uneven sample sizes was used for cross-species comparisons at four different 
times: the first 10 minutes (0–10 min), at 2 h (1 h 50 min to 2 h), at 12 h (11 h 50 min to 12 
h) and the last 10 minutes (17 h 50 min to 18 h) of the swimming trial.  
A crude measure of swimming efficiency (thrust produced per rate of energy use; N 
W−1) was calculated by dividing the thrust produced by the metabolic rate for each 10 
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minutes interval throughout the 18 h swimming period.  
 
Results 
In total, 15 loggerhead hatchlings and 13 flatback hatchlings were sampled. Data 
from 5 green turtle hatchlings from Heron Island collected by Booth (2009) were also 
included to allow interspecies comparisons. Hatchlings swam no more than a centimetre 
below the surface, a behaviour that has been described as typical during the off-shore 
swimming of hatchling sea turtles (Witherington and Salmon, 1992; Hays et al., 2001). The 
change point analysis did not accurately distinguish the exact 10 minute period when the 
rate of change of a variable occurred because of individual variation, therefore I report 
such changes in terms of a range of time periods when these transitions were made. 
 
Loggerhead hatchlings  
Metabolic rate decreased rapidly from 96 to 50 mW during the first 2 h of swimming, 
followed by a slower decrease from 50 to 35 mW between 2 and 8 h (Fig. 4A). From 8 to 
18 h, the metabolic rate was relatively constant, averaging 35 mW (Fig. 4A). Swim thrust 
followed the metabolic rate pattern, decreasing sharply from 23 to 17 mN within the first 2 
h of swimming, then decreased at a slower rate between 2 and 12 h of swimming (from 17 
to 14 mN; Fig. 4B). After 12 h of swimming, swim thrust remained relatively constant, 
averaging 14 mN until the trial ended at 18 h (Fig. 4B, 6A). Swimming efficiency increased 
steadily for the first 8.5 h of swimming from 0.24 to 0.49 N W−1 and then decreased 
steadily to 0.35 N W−1 at 14.5 h (Fig. 4C). After 14.5 h, swimming efficiency increased to 
another small peak at 16 h before decreasing again to 0.35 N W−1 after 18 h (Fig. 4C). 
Swim thrust was positively correlated with metabolic rate (Fig. 5). 
Power stroke rate during a power stroking bout (F4,56 = 29.63, p < 0.001) and mean 
maximum thrust per power stroke  (F4,56 = 6.56, p < 0.001) both decreased with swimming 
time. Swimming started with 170 strokes min-1 and ended in 120 strokes min-1 (Fig. 6B). 
Mean maximum thrust varied between 50 to 95 mN throughout the trial (Fig. 6C). The 
proportion of time spent power stroking, however, did not significantly change over time 
(mean 85%, range 72–89%) (F4,56 = 1.12, p = 0.356) (Fig. 6D).  
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Flatback hatchlings  
In total, 13 hatchlings were sampled, but due to a technical problem, swim thrust 
and metabolic rate data from 1 hatchling were not recorded for the first 1.2 h. Both the 
metabolic rate and mean thrust decreased with increased swim time (Fig. 4A, 4B). 
Metabolic rate decreased rapidly from 160 to 73 mW from 0 to 2 h, then decreased steadily 
from 73 to 45 mW during 2 to 6 h and averaged 45 mW until the trial ended at 18 h (Fig. 
4A). Swim thrust also decreased rapidly from 48 to 29 mN from 0 to 2 h, then decreased 
steadily from 29 to 11 mN from 2 to 18 h (Fig. 4B, 6A). Swimming efficiency increased 
steadily from 0.32 to 0.43 N W−1 from 0 to 6.5 h, then decreased slowly to 0.37 N W−1 at 10 
h before decreasing sharply to 0.22 N W−1 at 15.5 h where it remained until the trial 
finished at 18 h (Fig. 4C). Swim thrust was positively correlated with metabolic rate (Fig. 5). 
Power stroke rate during a power stroking bout (F4, 44 = 18.66, p < 0.001), mean 
maximum thrust per power stroke (F4, 44 = 27.53, p < 0.001) and percentage of time spent 
power stroking (F4, 44 = 19.32, p < 0.001) decreased with swimming time. Power stroke rate 
ranged from 145 to 100 strokes min-1 (Fig. 6B) and mean maximum thrust varied between 
200 mN to around 25 mN (Fig. 6C). The proportion of time spent power stroking decreased 
from 80% to 50% in the first 2 h of swimming, with another significant change around 10–
12 h (decrease from 50% to 30%), from which it continued to decrease slowly until it 
reached just 20% by the end of the swimming trial (Fig. 6D).  
 
Green turtle hatchlings  
As reported by Booth (2009), mean metabolic rate decreased rapidly from 177 to 
nearly 100 mW during the first 2 h of swimming, followed by a slower decrease from 100 to 
55 mW between 2 and 12 h (Fig. 4A). From 12 to 18 h, the metabolic rate was relatively 
constant, averaging 55 mW (Fig. 4A). Swim thrust followed the metabolic rate pattern, 
decreasing sharply from 45 to 33 mN within the first 2 h of swimming (Fig. 4B). Between 2 
and 12 h, it decreased slowly from 33 to 22 mN, and from 12 h onwards, swim thrust 
remained constant at 22 mN (Fig. 4B, 6A). Swimming efficiency increased steadily for the 
first 12.5 h of swimming from 0.25 to 0.43 N W−1 and remained constant at that level until 
the end of the trial, with only a slight decrease between 15.5 and 16.5 h (Fig. 4C). Swim 
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thrust was positively correlated with metabolic rate (Fig. 5). 
Power stroke rate during a power stroking bout (F4, 16 = 10.89, p < 0.001)  and mean 
maximum thrust per power stroke (F4, 16 = 5.69, p = 0.005) both decreased with swimming 
time. Swimming started with 190 strokes min-1 and ended in 120 strokes min-1 (Fig. 6B). 
Mean maximum thrust ranged between 110 and 205 mN throughout the trial (Fig. 6C) but 
the proportion of time spent power stroking did not vary significantly over time, despite the 
slight decrease from 85% to 70% between 10 and 12 h (Fig. 6D). 
 
Comparison among loggerhead, flatback and green turtle hatchlings  
After checking for normality and homoscedasticity, ANOVAs were performed to 
compare variables among loggerhead, flatback and green turtle hatchlings. Significant 
interspecies differences were found in hatchlings’ mass (F2, 30 = 222.66, p < 0.001), swim 
thrust during the first 10 minutes of swimming (F2, 29 = 43.75, p < 0.001), swim thrust during 
the last 10 minutes of the 18 h swimming trial (F2, 30 = 22.94, p < 0.001) and metabolic rate 
during the first 10 minutes of swimming (F2, 29 = 22.08, p < 0.001) but not in the metabolic 
rate during the last 10 minutes of the 18 h swimming trial (F2, 30 = 3.04, p = 0.063; Table 2). 
Significant differences were also found in SCL (straight carapace length), SCW (straight 
carapace width), BT (body thickness) and RFFTL (right front flipper total length) between 
flatback and loggergead turtle hatchlings, with the first species being notably bigger (p < 
0.05; Table 2). For all species, swim thrust and metabolic rate were greater during the first 
10 minutes of swimming compared to the last 10 minutes (p < 0.001 in all cases). Flatback 
turtle hatchlings had greater mass than green turtle hatchlings, which were heavier than 
loggerhead turtle hatchlings (Table 2). Flatback and green turtle hatchlings produced 
greater swim thrust than loggerhead turtles during the first 10 minutes of swimming. After 
18 h of swimming, green turtle hatchlings produced the greatest swim thrust, followed by 
loggerhead hatchlings, with flatback hatchlings producing the lowest swim thrust (Table 2). 
Metabolic rate during the first 10 minutes of swimming was greatest in green turtles, 
intermediate in flatback turtles and lowest in loggerhead turtles, but was similar in all three 
species during the last 10 minutes of the 18 h swimming trial (Table 2). Although the 
general pattern of declines in swimming thrust and metabolic rate was similar in all three 
species (initial rapid decline, a period of slower decline and then a period of no decline), 
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there were subtle interspecies differences, with flatback hatchlings being notably different 
from green and loggerhead hatchlings. All three species experienced the steepest decline 
in metabolic rate within the first 2 h of swimming (Fig. 4A), with flatback hatchlings 
experiencing the greatest decrease (61% decline), followed by loggerhead hatchlings 
(55%) and green hatchlings (44%). Green turtle hatchlings had the greatest metabolic rate 
throughout the entire monitored period. The period of steady decline was from 2 to 8 h in 
flatback and loggerhead hatchlings, but extended to 12 h in green hatchlings (Fig. 4A). 
Similarly, all three species experienced the greatest decline in swim thrust within the first 2 
h of entering the water, with flatback hatchlings experiencing the greatest decline (40%), 
and green and loggerhead hatchling swim thrust falling by 22% (Fig. 4B). The magnitude 
and pattern of the decrease in power stroke rate and mean maximum thrust was almost 
identical in green and loggerhead turtle hatchlings: a rapid decrease in the first 2 h, 
followed by a slower decrease until 8–12 h, with stroke rate then remaining relatively 
constant until the end of the trial (Fig. 6B), but the proportion of time spent power stroking 
did not change significantly in these two species. However, maximum thrust for green 
turtles was approximately twice that of loggerhead turtles (Fig. 6C). Power stroke rate and 
the proportion of time spent power stroking of flatback turtle hatchlings was lower than that 
of green and loggerhead turtle hatchlings throughout the swimming trial, with the sharpest 
decreases occurring during the first 4 h of swimming (Fig. 6B), and again between 10 and 
12 h for the proportion of time spent power stroking (Fig. 6D). Mean maximum thrust also 
decreased rapidly during the first 2 h of swimming and was lower for flatback turtle 
hatchlings than for both green and loggerhead turtle hatchlings from 4 h onwards (Fig. 6C).  
 
Discussion 
Morphological measurements of mass and size of loggerhead, flatback and green 
hatchlings reported here are similar to those previously reported in the east Australian 
populations of these species (Limpus, 2008a; Limpus, 2008b; Limpus, 2008c). The general 
pattern of a decrease in swim thrust and metabolic rate as swimming time proceeded, with 
the decreases being greatest during the first 2 h of swimming, was common to all three 
species examined. However, there were subtle species-specific differences.  
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Loggerhead hatchling swimming behaviour during the first 18 h of the swim frenzy is 
similar to that reported by Booth for green turtle hatchlings (Booth, 2009), in that it can be 
divided into three, possibly four, distinct phases: rapid fatigue (0-2 h), slow fatigue (2-12 h, 
possibly divided into a block between 5 and 8 h and another between 10 and 12 h) and 
sustainable effort (12-18 h). There were no significant differences in either power stroke 
rate during a power stroking bout or the proportion of time spent power stroking over the 
entire 18 h swimming trial between green and loggerhead turtle hatchlings (Fig. 6B, 6D). 
During the rapid and slow fatigue phases, decreased swimming effort in both species was 
caused by decreases in both stroke rate and mean thrust per stroke, but the percentage of 
time spent power stroking remained relatively constant. The pattern of decrease in mean 
maximum thrust with swimming time was also very similar in green and loggerhead turtle 
hatchlings, although green turtle hatchlings always had a maximum thrust that was twice 
that of loggerhead turtles (Fig. 6C) and, consequently, mean thrust of green turtle 
hatchlings was also twice that of loggerhead turtle hatchlings (Fig. 6A). In my crude 
assessment of swimming efficiency in terms of the rate of thrust production per power 
consumed (Fig. 4C), both green and loggerhead hatchlings experienced an increase in 
efficiency throughout the trial. Wyneken (1997) has shown that the flipper movement 
during power stroking and during dog paddling is similar in green and loggerhead turtle 
hatchlings, therefore, the differences in swim thrust cannot be attributed to differences in 
swimming gait. I believe these differences to be related to fore-flipper size. Indeed, green 
turtle hatchlings from Heron Island are larger in size and have a larger right front-flipper 
total length (RFFTL) to straight carapace length (SCL) ratio (0.97, D.T.B., unpublished), 
compared with loggerhead hatchlings from Mon Repos (0.93, Table 2). The higher swim 
speed of green turtle hatchlings (Wyneken, 1997) could be a consequence of these 
differences in morphology, as well as the higher energy production during swimming, as 
evidenced by the highest rate of oxygen consumption from 30 minutes of swimming 
onwards (Fig. 4A).  
Flatback turtle hatchlings have different swimming attributes. Although also showing 
the largest decrease in swimming effort within the first 2 h of entering the water, the 
swimming effort of flatback turtle hatchlings, unlike that of green and loggerhead turtles, 
continued to decrease throughout the 18 h of swimming trial. The decrease in swimming 
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effort during the first 2 h was also much sharper than that of green and loggerhead turtle 
hatchlings. In flatback turtle hatchlings, the decrease in swimming effort was caused by 
decreases in all three swimming variables: power stroking rate, mean maximum thrust per 
stroke and proportion of time spent power stroking. In green and loggerhead turtle 
hatchlings, however, the decrease in swim thrust was due to the decrease in stroke rate 
and mean maximum thrust per power stoke alone, as the proportion of time spent power 
stroking did not change significantly during the 18 h of swimming trial. Compared with that 
of green and loggerhead turtle hatchlings, flatback turtle hatchling stroke rate during a 
power stroking bout was much lower (Fig. 6B), less time was spent power stroking (Fig. 
6D), and their maximum thrust per power stroke, although starting high, rapidly decreased 
during the first 2 h of swimming (Fig. 6C). Furthermore, swimming efficiency began 
declining slowly after the peak at 6 h and decreased sharply from 10 h onward, unlike what 
was found in the other two species (Fig. 4C). Flatback turtle hatchling mean RFFTL was 
4.76 ± 0.05 cm (Table 2), with a body ratio RFFTL/SCL of 0.8, which is lower than that of 
green and loggerhead turtle hatchlings and may explain why flatback hatchlings have a 
relative low maximum thrust per power stroke. Salmon and colleagues showed that 
flatback hatchlings spend their entire first day swimming and that the proportion of time 
spent swimming only falls slightly during the next 3 days (Salmon et al., 2009), implying 
that flatback turtle hatchlings might have a more sustained frenzy swim phase than green 
or loggerhead turtle hatchlings. However, the method used in their study (Salmon et al., 
2009) only allowed detection of whether a hatchling was swimming or not swimming and 
could not detect the magnitude of the thrust produced during swimming or the proportion of 
time spent power stroking or dog paddling. My study also found that flatback hatchlings 
swim close to 100% of the time during the first 18h but, although the turtles remained 
continuously active, the swimming effort decreased remarkably and the proportion of time 
spent power stroking decreased, while the proportion of time spent dog paddling increased 
dramatically during this time.  
These differences can be related to the hypothesis posed in the ‘Introduction’ that 
flatback hatchlings have a different swimming strategy compared to green and loggerhead 
turtles. Hatchling size might influence swimming thrust as evidenced by the higher swim 
thrust of the larger flatback hatchlings during the first 30 minutes of swimming (Fig. 4B, 
 46 
 
Table 2). However, although flatback hatchlings have the potential to produce greater swim 
thrust than green and loggerhead turtles, as swimming time increased, their swim thrust 
decreased at a faster rate than green and loggerhead turtles. Hence, although flatback 
hatchlings may swim more or less continuously for the first 4 days after entering the water, 
which gives the impression of having an energetically more costly swimming frenzy than 
other sea turtle hatchlings (Salmon et al., 2009), the swim thrust they produce during this 
time is relatively small. Indeed, Salmon et al. (2009) questioned how, from an energetic 
point of view, flatback hatchlings could swim continuously for 4 days without showing any 
signs of interest in feeding. My study indicates that this is possible because, although 
flatback hatchlings appear to swim continuously (Salmon et al., 2009), they put relative 
little effort into swimming during this time, i.e. they swim less vigorously than green and 
loggerhead turtle hatchlings during the swimming frenzy. A lower swim effort is consistent 
with current ideas on dispersal movement of flatback hatchlings. Flatback turtles are 
mostly endemic to the Australian continental shelf (Walker and Parmenter, 1990), with a 
restricted geographical distribution, although they have been reported outside the 
Australian continental shelf in the coastal waters of Kei (eastern Indonesia; Limpus, 
2008b). It has long been speculated that species that lack an oceanic phase in their life 
cycle, such as the flatback turtle (Limpus, 2008b), should have an abbreviated swimming 
frenzy phase (Wyneken, 1997). If flatback turtle hatchlings do not swim long distances to 
meet off-shore oceanic currents, there is no need for a vigorous swimming frenzy 
(Wyneken, 1997).  
Moreover, the ‘predation risk’ hypothesis proposes that near-shore predation 
pressure influences the swimming strategies used by sea turtle hatchlings while swimming 
off-shore (Chung et al., 2009a; Chung et al., 2009b; Salmon et al., 2009). In species such 
as green, loggerhead and leatherback turtles, hatchlings are hypothesized to engage in an 
energetically demanding swimming frenzy immediately after entering the sea in order to 
reduce the time spent in shallow waters where there is a high density of predators (Gyuris, 
1994; Gyuris, 2000; Booth et al., 2004; Whelan and Wyneken, 2007; Salmon et al., 2009). 
As they enter deeper off-shore waters, a decrease in the swimming effort is expected given 
the predation pressure in off-shore oceanic currents, where hatchlings spend the next few 
years of their life, is much likely to be lower (Salmon et al., 2009). In flatback turtles, 
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however, the predator pressure is predicted to be relatively constant (Salmon et al., 2009), 
as they appear to remain in coastal waters for their entire life cycle (Walker and Parmenter, 
1990; Salmon et al., 2010). Indeed, the lower overall swimming effort, with only a short 
initial vigorous spurt (this study), along with the possibility of bigger yolk reserves as a 
consequence of a bigger body mass (Walker and Parmenter, 1990) might explain the 
longer fasting period of flatback hatchlings (Salmon et al., 2009) compared to other sea 
turtle species. A long fasting period may be advantageous for flatback hatchlings as the 
turbid shallow waters where they live is generally low in visibility (Salmon et al., 2009; 
Salmon et al., 2010), therefore the search for food while avoiding predator encounters 
could be challenging. More studies should be conducted on swimming speed and 
dispersal distance for flatback turtle hatchlings during this initial stage in order to have a 
better understanding of how they behave throughout this period. 
Predation rate of sea turtle hatchlings swimming off their natal beaches varies 
widely and is dependent on the substrate that fringes nesting beaches (Salmon et al., 
2009). Beaches in which the off-shore substrate is primarily sand with turbid waters have 
much lower predation rates than beaches that are surrounded by coral reefs and clear 
water because of differences in the density of predator fish in these habitats (Salmon et al., 
2009). Differences in predator avoidance behaviour may also influence swimming tactics. 
For example, green turtle hatchlings are reported to show no evasive manoeuvres when 
approached by a predator, with their only predator defence being to swim as fast as 
possible to minimise the time they are exposed to high near-shore predator density 
(Gyuris, 1994). In contrast, flatback hatchlings (Salmon et al., 2009) and loggerhead 
hatchlings (Chapter 4) appear to be able to detect and react to the presence of predators. 
If the hypothesis that sea turtle hatchling swim thrust within the first few hours of entering 
the water is related to the predator density in the near-shore waters of nesting beaches is 
true, this may also explain why I found green turtle hatchlings to be more vigorous 
swimmers compared to loggerhead and flatback turtle hatchlings. Mon Repos beach, 
where the loggerhead and flatback turtles of this study were sampled, has a low predator 
density, sandy substrate and turbid water, whereas Heron Island, where the green turtles 
were sampled, has a coral reef substrate with clear water. To test this hypothesis, the swim 
thrust performance of loggerhead hatchlings that emerge from nests laid on coral cays of 
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the south eastern Australian population would have to be measured and compared to that 
of the hatchlings from Mon Repos reported here. The expectations would be a more 
vigorous swim frenzy in loggerhead hatchlings from coral cays than those I sampled at the 
Mon Repos rookery. A few green turtles nest at the Mon Repos rookery, so it would also be 
predicted that green turtle hatchlings from Mon Repos would have a less vigorous 
swimming frenzy than those from Heron Island. This hypothesis cannot be tested in 
flatback turtles because no coral cay rookery is known for this species (Limpus, 2008b). 
Nevertheless, further studies on predation rates of flatback turtle hatchlings during the off-
shore dispersion phase are encouraged, in order to confirm the importance of the 
predation hypothesis in shaping their swimming behaviour. 
In summary, all three species of sea turtle hatchlings that I examined produced their 
highest swim thrust during the first 2 h of swimming, a strategy designed to move the 
hatchlings quickly out of the shallow predator-rich near-shore waters (Bustard, 1972; 
Gyuris, 1994; Gyuris, 2000). However, subtle interspecies differences in swimming thrust 
were detected after the first 2 h. These differences in swimming behaviour are probably a 
result of a complex interaction between near-shore predator density, the distance that must 
be swum to reach off-shore oceanic dispersing currents (Wyneken et al., 2008; Chung et 
al., 2009a; Chung et al., 2009b; Salmon et al., 2009) and hatchling anti-predator tactics 
(Mellgren et al., 2003). 
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Chapter 3 
 
 
 
 
 
Blood concentrations of lactate, glucose and corticosterone in dispersing hatchling 
sea turtles - Published in Biology Open (Pereira, C.M., D.T. Booth, A. J. Bradley and C. J. 
Limpus (2012). Blood concentrations of lactate, glucose and corticosterone in dispersing 
hatchling sea turtles. Biology Open 0, 1–5. DOI: 10.1242/bio.20123046). – Incorporated in 
Attachments. 
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Summary 
Natal dispersal of sea turtles is an energetically demanding activity that is fuelled 
primarily by aerobic metabolism. However, during intense exercise reptiles can use 
anaerobic metabolism to supplement their energy requirements. I assessed anaerobic 
metabolism in dispersing hatchling loggerhead and flatback turtles by measuring the 
concentrations of blood lactate during crawling and at different times during the first four 
hours of their swimming frenzy. I also measured concentrations of blood glucose and 
corticosterone. Blood lactate (12.13 to 2.03 mmol/L), glucose (6.25 to 3.8 mmol/L) and 
corticosterone (8.13 to 2.01 ng/mL) concentrations decreased significantly over time in 
both loggerhead and flatback hatchlings and no significant differences were found between 
the species. These results indicate that anaerobic metabolism makes a significant 
contribution to the dispersal phase of hatchling sea turtles during the beach crawl and the 
first few hours of the swimming frenzy. 
 
Key words: swimming frenzy, anaerobic metabolism, glucose, lactate, corticosterone, sea 
turtle, hatchling, Natator depressus, Caretta caretta. 
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Introduction 
Once they emerge from their nest, sea turtle hatchlings frantically crawl down the 
beach towards the sea and then engage in a frenzy swim, which rapidly takes them off-
shore to reach oceanic currents (Bustard, 1972; Salmon and Wyneken, 1987). During this 
period hatchlings face high near-shore predator pressure that decreases as they move 
further off-shore (Gyuris, 1994; Gyuris, 2000; Salmon et al., 2009; Whelan and Wyneken, 
2007). Reptiles such as sea turtles have a limited aerobic capacity (Bennett, 1978) and 
during intensive exercise they supplement their energy requirements with anaerobic 
metabolism (Bennett, 1982) with a subsequent production and accumulation of lactate 
(Gleeson, 1996). Studies on the natural history and physiology of nest emergence, beach 
crawl and the off-shore swimming frenzy dispersal of hatchling sea turtles indicate that 
these processes are extremely vigorous and energy demanding (Wyneken and Salmon, 
1992; Wyneken, 1997; Booth, 2009; Pereira et al., 2012). Although primarily fuelled by 
aerobic metabolism (Wyneken, 1997; Booth, 2009; Pereira et al., 2012), tissue lactate 
concentrations increase during these activities indicating that anaerobic metabolism also 
plays a major role at this time (Dial, 1987; Baldwin et al., 1989; Hamann et al., 2007). Sea 
turtle hatchlings typically exhibit frantic swimming behaviour when they first enter the 
water, but this decreases in the first few hours before they settle into a sustained swimming 
effort for up to 24 hours (Wyneken and Salmon, 1992; Wyneken, 1997; Booth, 2009; 
Pereira et al., 2011; Pereira et al., 2012).  
The intensity of swimming varies between species (Wyneken and Salmon, 1992; 
Pereira et al., 2011). Green turtle (Chelonia mydas) hatchlings are the most vigorous 
swimmers followed by loggerhead turtle (Caretta caretta) hatchlings, with flatback turtle 
(Natator depressus) and leatherback turtle (Dermochelys coriacea) hatchlings being less 
vigorous (Wyneken and Salmon, 1992; Pereira et al., 2011; Pereira et al., 2012). These 
differences in swimming intensity could potentially be a reflection of differences in the use 
of anaerobic metabolism and therefore differences in blood lactate concentrations.  
In reptiles, aerobic and anaerobic metabolism is influenced by steroid hormones, 
which control metabolic processes (Nelson, 2005; Neave, 2008). Glucocorticoid hormones 
influence physiological processes such as lipolysis, gluconeogenesis, lactate release from 
muscles (Neave, 2008) and increases in blood glucose concentration (Munck and Koritz, 
1962). Glucocorticoids are involved in adjusting physiological process in response to 
environmental cues particularly in animals that undergo seasonal changes as part of their 
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life history, such as migration, breeding and hibernation (McEwen and Wingfield, 2003). 
Emerging from a nest, crawling down the beach then entering a frantic swim may be a 
series of events that are influenced to some degree by glucocorticoids (Hamann et al., 
2007).  
In reptiles, corticosterone (B) is one of the major glucocorticoids produced (Nelson, 
2005) and is known to vary in concentration at different stages of sea turtle life history 
including the natal dispersal phase (Hamann et al., 2002; Hamann et al., 2005; Hamann et 
al., 2007). Hence, as with blood lactate concentrations, the patterns of exercise activity 
exhibited by sea turtle hatchlings are expected to result in changes in blood corticosterone 
concentration. In this study, I investigate blood lactate, glucose and corticosterone 
concentration in hatchling turtles through the beach crawl and early swimming frenzy to 
test the hypothesis that these parameters will vary in a systematic way with the varying 
exercise intensity of different species. In particular, I predict that loggerhead turtles 
experience intermediate changes in these physiological variables as a result of their 
moderate swimming effort and that flatback hatchlings experience the smallest changes 
because of their relative low swimming effort (Pereira et al., 2011; Pereira et al., 2012).  
 
Material and Methods 
Study site  
This study was conducted at Mon Repos Conservation Park (24° 48’ S, 152° 27’ E), 
located on the east coast of the Australian mainland (Pfaller et al., 2009). Annual nesting of 
loggerhead and flatback turtles occurs every year at this rookery (Limpus et al., 1984; 
Limpus and Limpus, 2003; Limpus, 2007; Limpus, 2008b). 
 
Terrestrial and swimming activities  
Data collection took place between the 21st January and the 18th February 2011, a 
period of peak hatchling of sea turtles at Mon Repos. The beach was patrolled throughout 
the night to monitor nests of loggerhead and flatback turtles, previously marked by 
volunteers and staff members. When hatchlings were found emerging from a nest, a total 
of 18 hatchlings were collected per nest in both species and transported dry to the 
laboratory in a bucket lined with sand, a process that took around 15 minutes. During this 
transport time hatchlings were actively crawling around inside the bucket, a behaviour that 
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is similar to their terrestrial movement from the nest to the sea. Each trial consisted of one 
terrestrial treatment (crawling – 15 minutes) and five swimming treatments (15 minutes, 30 
minutes, 1 hour, 2 hours and 4 hours). I did not collect blood at emergence because it was 
difficult to sample on the beach. Once in the laboratory three hatchlings were sampled for 
blood and classified as a ‘crawling’ treatment. The remaining 15 hatchlings were allocated 
to the swimming treatments. Each hatchling was placed in a separate tank (34 cm long x 
28 cm wide x 19 cm high) filled with 16 cm of sea water at ambient temperature (25 to 
28ºC) and a low intensity light was placed at one end of the tank to encourage 
unidirectional swimming. Each hatchling was fitted with a lycra harness attached to a 
monofilament tether that was fixed to a wooden stake attached to the top of the tank. The 
tether length was adjusted so that hatchlings could swim freely but could not touch the 
sides or bottom of the tank. The stretched tether provided resistance to forward motion that 
encouraged continuous swimming. At the end of each sampling period three hatchlings 
had a blood sample taken and were then released into the ocean. 
 
Measurement of blood variables  
A 200–300 µl blood sample was collected from a branch of the jugular vein using a 
27 gauge needle and 1 ml heparinized syringe following the method of Bennett (Bennett, 
1986). Between 100–150 µl of the sample was immediately used to analyse blood lactate 
and glucose concentrations with an I-STAT one Blood Analyzer (Heska, Colorado USA) 
using GC4+ and 6+ cartridges (Abbott Laboratories, USA), respectively. The remaining 
blood was centrifuged to separate the blood cells (discarded) from the plasma that was 
preserved in a freezer at -10ºC until later analysis for corticosterone concentration. Plasma 
corticosterone was analysed by radioimunoassay (RIA) as described by Bradley (1987, 
1990) using a 10 ml sample. Corticosterone standards ranged from 0 to 1000 pg and two 
standards were made up in methanol using corticosterone purchased from Sigma 
Chemical Co, USA. Radiolabelled corticosterone ([1,2,6,7-3H(N)] corticosterone) was 
purchased from PerkinElmer NEN Radiochemicals, USA and 20,000 dpm was added to 
both standards, samples and external controls. External controls consisted of a sample of 
known concentration of corticosterone in order to ensure the quality of the extraction 
protocol and to generate a standard curve. The standard curve was plotted using 
AssayZap software (Biosoft, Cambridge, UK). The intra- and inter- assay coefficients of 
variation were 8.4 and 7.1% respectively. The assay sensitivity was 10 pg, which is normal 
for these assays (Bradley, 1987; Bradley, 1990). 
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Statistical analysis  
Lactate and corticosterone blood concentration data were log transformed in order 
to comply with the statistical assumptions of normality and homoscedasticity before 
statistical analysis. Blood concentrations of corticosterone, lactate and glucose were then 
analysed using a MANOVA, followed by a Repeated Measures ANOVA (each clutch was 
considered as just one individual that was sampled repeatedly over time). Species and 
time were considered the explanatory fixed variables. Results were reported as means ± 
SE and statistical significance assumed if P< 0.05. All statistical analyses were conducted 
with STATISTICA 12 software. 
 
Results 
A total of 132 loggerhead hatchlings and 79 flatback hatchlings had blood samples 
taken although there was not enough blood in some samples to perform measurements on 
all three variables (Table 3). The MANOVA analysis revealed significant differences 
between all variables (P< 0.01). The Repeated Measures ANOVA showed significant 
differences over time but not between species and with the exception of lactate there were 
no species*time interactions (Table 4).  
Loggerhead turtle hatchling blood lactate, glucose and corticosterone concentration 
decreased significantly with time from crawling until trials ended after 4 hours of swimming 
(Table 4, Fig. 7). Most of these decreases in concentration occurred between crawling and 
two hours of swimming (Fig. 7). Flatback turtle hatchlings had a similar pattern, with blood 
concentrations of all variables decreasing throughout time (Table 4), although there was an 
increase in blood lactate after 1 hour of swimming (Fig. 7) and this was the cause of the 
interaction between species and time for this variable. 
 
Discussion 
This is the first study to report data regarding changes in concentrations of blood 
lactate, glucose and corticosterone in flatback hatchling turtles and data regarding glucose 
and corticosterone concentrations in loggerhead hatchling turtles during the early stages of 
the dispersal phase. 
In this study I proposed that loggerhead turtle hatchlings would experience 
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intermediate changes in these physiological variables as a result of their moderate 
swimming effort, whereas flatback turtle hatchlings would experience smaller changes 
given their relative low swimming effort, as suggested by previous studies (Pereira et al., 
2011; Pereira et al., 2012). However, my results show that flatback and loggerhead turtle 
hatchlings have a similar use of anaerobic metabolism as indicated by the similar patterns 
of change in blood lactate concentration. In both species, anaerobic metabolism decreased 
with time but the use of anaerobic metabolism persisted for longer in flatback turtle 
hatchlings than in loggerhead hatchlings. Dial (loggerhead turtles), Baldwin et al. 
(loggerhead and green turtles) and Hamann et al. (green turtles) have reported lactate 
concentrations at different times during the beach crawl and early stages of the swimming 
frenzy in hatchling sea turtles (Dial, 1987; Baldwin et al., 1989; Hamann et al., 2007). 
Although all studies indicate anaerobic metabolism plays an important role during this 
period, results differ between studies due to differences in methodology and species. Dial 
(1987) and the current study found lactate to be highest after the beach crawl, while 
Baldwin et al. (1989) found lactate continued to accumulate in blood when hatchlings 
swam across the reef flat. Baldwin et al. (1989) reported a fall in blood lactate in hatchlings 
‘swum’ in an aquarium because they power stroked only briefly and remained mostly 
resting on the surface with the head above the water, and for loggerhead turtles blood 
lactate concentration was just 1.7 mmol/L after 15 minutes of ‘swimming’ in the aquarium 
(Baldwin et al., 1989). In the current study, however, hatchlings swam almost continuously 
as they were tethered and could not touch the sides or bottom of the swimming container 
and loggerhead hatchling blood lactate concentration was four times greater averaging 6.9 
mmol/L after 15 minutes of swimming. Baldwin et al. found that blood lactate 
concentrations peaked at 13 mmol/L after 15 minutes of swimming across the reef flat and 
that they were greater in green turtle hatchlings than in loggerhead turtle hatchlings 
(Baldwin et al., 1989). In contrast, Hamann et al. (2007) found blood lactate concentrations 
in green turtle hatchlings to be only 4.5 mmol/L after 30 minutes of swimming but to be 
extremely high (24 mmol/L) after two hours of swimming (Hamann et al., 2007). The 
pattern of blood lactate concentration change reported for green turtle hatchlings in 
Hamann et al. (2007) is unexpected because green turtle hatchlings generally decrease 
their swimming effort as the time spent swimming increases (Burgess et al., 2006; Booth, 
2009; Ischer et al., 2009; Booth and Evans, 2011).  
As expected, blood lactate concentrations of loggerhead hatchlings were lower than 
those reported for green turtle hatchlings, which is consistent with the less vigorous 
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swimming behaviour of loggerhead hatchlings compared to green turtle hatchlings (Pereira 
et al., 2011; Pereira et al., 2012). I also expected blood lactate concentrations of flatback 
turtle hatchlings to be lower than loggerhead turtle hatchlings because they are less 
vigorously swimmers (slower power stroke rate and less frequent power stroking bouts) 
(Pereira et al., 2011). However, this was not the case, as lactate concentration was not 
significantly different between the species during the beach crawl and first hour of 
swimming. Indeed, contrary to my expectation, from two hours onward blood lactate 
concentration in flatback hatchlings increased slightly although it continued to decrease in 
loggerhead hatchlings. A possible explanation for this increase in blood lactate 
concentration of flatback hatchlings may be that part of the lactate accumulated in muscles 
is being released into the blood stream, to be transported to the liver and converted back 
into glycogen (glyconeogenesis) for storage. However, most of the lactate conversion to 
glycogen is likely to occur in the muscles (Gleeson, 1996). More studies should be 
conducted to investigate the recovery time in hatchling sea turtles after anaerobic activity. 
This study suggests that anaerobic metabolism in flatback hatchlings is similar or 
slightly higher than that of loggerhead hatchlings, however Pereira et al. (2011) showed 
that swimming effort is relatively lower in flatback turtle hatchlings than in loggerhead 
turtles hatchlings. This suggests that it is the aerobic component of flatback hatchling 
swimming effort that is relatively lower in comparison with loggerhead hatchlings. This 
hypothesis is supported by the finding that aerobic metabolism of flatback turtles 
decreases much more sharply than in loggerhead turtle hatchlings within the first 2 h of 
swimming (Pereira et al., 2012).  
The pattern of changes in the concentrations of glucose and corticosterone seems 
to reflect the changes in blood lactate concentration. Both aerobic and anaerobic muscle 
metabolic pathways are fuelled by glucose and during heavy exercise glucose is mobilised 
from glycogen stores in the liver. During prolonged exercise liver glycogen stores become 
depleted and other sources of fuel such as lipid and proteins are gradually mobilised 
(Brooks, 1987; Horowitz and Klein, 2000; Hamann et al., 2007). The use of each fuel is, 
however, associated with the intensity of exercise, with glucose being the main source for 
quick and highly energetic activities (Brooks, 1987; Brooks, 1998; Horowitz and Klein, 
2000). Lipids, on the other hand, are metabolised into free fatty acids to generate energy 
during continuous and less energetically intense exercise (Brooks, 1998; Horowitz and 
Klein, 2000). Proteins would likely become a fuel source later in the off-shore swimming 
(Hamann et al., 2007), when all other body reserves are depleted (Brooks, 1987). 
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Therefore, the decrease in concentrations of glucose, lactate and corticosterone during the 
first 4 h of the frenzy swim might also be an indicator of a shift from high to low intensity 
activity, with anaerobic metabolism decreasing in importance as time into the natal 
dispersal increases. 
 
Ecological interpretation  
The ‘predation risk’ hypothesis suggests that off-shore swimming behaviour of 
hatchling sea turtles is moulded by the interaction of three factors that contribute to 
survivorship: predator pressure in near-shore waters, swimming distance to oceanic 
currents and hatchling size (Chung et al., 2009a; Salmon et al., 2009). Green turtle 
hatchling swimming behaviour is more vigorous than that of loggerhead and flatback 
hatchlings (Pereira et al., 2011; Pereira et al., 2012), which indicates a strategy moulded 
primarily by the need for a rapid escape from near-shore predator rich waters (Gyuris, 
1994). Loggerhead turtle hatchlings swimming behaviour is similar to but not as vigorous 
as green turtle hatchlings (Pereira et al., 2011; Pereira et al., 2012; Wyneken, 1997), which 
suggests that it is also primarily moulded by a need to rapidly escape predator rich near-
shore waters. Flatback hatchlings, however, experience a sharper decrease in their swim 
effort and aerobic metabolism within the first 2 h of the swimming frenzy (Pereira et al., 
2011; Pereira et al., 2012) and they maintain a similar level of swimming activity for the first 
4 days after entering the water (Salmon et al., 2009). My results do not allow me to make 
strong inferences about the role of anaerobic metabolism on dispersal strategies; however, 
they are consistent with the idea that near-shore predation pressure is one of the potential 
drivers for the frantic and energetically expensive swimming effort typical of the initial 
stages of the frenzy swim.  
In summary the current study and previous studies (Dial, 1987; Baldwin et al., 1989; 
Hamann et al., 2007) indicate anaerobic metabolism is used extensively during the beach 
crawl and at least the beginning of the swimming frenzy during natal dispersal of sea turtle 
hatchlings. The additional use of anaerobic metabolism allows hatchlings to maximise their 
physical activity and thus minimises the time they spend on the beach and in the shallow 
near-shore waters where predators are in their highest concentration.  
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Chapter 4 
 
 
 
 
 
Social interaction and anti-predator behaviour of hatchling loggerhead sea turtle 
 
Caretta caretta during natal dispersal.
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Summary 
Escaping predators is one of the biggest challenges sea turtle hatchlings face 
during the first few hours of their off-shore swim through predator dense near-shore 
waters. Typically, the majority of hatchlings in a clutch emerge together and enter the sea 
at roughly the same time and frantically swim towards the open sea, a behaviour termed 
the 'swimming frenzy'.  Once  in  the  water,  hatchlings  swim  perpendicular  to  wave  
fronts  to  insure swimming directly towards the open sea. In this study I tested if sibling 
hatchling loggerhead turtles (Caretta caretta) interact with each other during the first 5 
minutes of the swimming frenzy, when they are most likely to be close to each other in 
nature, by looking for changes in hatchling swimming direction when a sibling was in 
close proximity. I also examined anti-predator behaviour by exposing hatchlings to moving 
and non-moving predator stimuli. My results indicate that, when swimming on their own, 
hatchlings take  around  2.5  minutes  to  establish  a  set  swimming  direction,  whereas  
that  same direction  is  immediately  acquired  when  in  the  presence  of  a  sibling.  
During  predator  stimuli  experiments  (both  moving  and  non-moving), most 
hatchlings  responded  by  becoming  inactive  for  an  average  of  24-27  seconds before 
resuming swimming. This is the first study to report sibling interaction during the frenzy  
swimming  phase,  and  corroborates  previous  reports  that  loggerhead  turtle 
hatchlings react to the presence of predators my ceasing to swim. 
 
 
Key words: swimming orientation, anti-predator behaviour, social interaction, sea turtle, 
hatchling.
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Introduction 
Upon emergence, sea turtle hatchlings leave their nests and rapidly crawl down the 
beach towards the water and immediately engage in a 'swimming frenzy' as they swim 
away from the shore (Lohmann et al., 1997). The swimming frenzy generally lasts between 
24 to 48 h and is fuelled by yolk reserves (Wyneken and Salmon, 1992; Wyneken, 1997). 
Escaping the nest is facilitated by cooperation between siblings as they share the work of 
digging upwards (Carr and Hirth, 1961). While crawling down the beach, faster hatchlings 
run into slower or stalled hatchlings and this appears to encourage stalled hatchlings to 
continue moving (Carr and Hirth, 1961). Social facilitation between hatchlings is believed 
to cease once they enter the sea (Frick, 1976), but no study has tested this hypothesis. 
Sea turtle hatchlings use different cues to orientate towards the sea, and then to 
navigate to the open ocean once in the water. When leaving their nest, hatchlings move 
towards the brightest light in the lowest horizon, which, in natural conditions, would be the 
direction of the ocean (Lohmann et al., 1997). Once in the water, hatchlings guide 
themselves off-shore by swimming perpendicular to approaching waves (Salmon and 
Lohmann, 1989; Lohmann and Lohmann, 1992), which is essential for establishing the 
correct off-shore orientation when waves are no longer present (Salmon and 
Lohmann, 1989). Indeed, hatchlings appear to be disorientated and swim in circles when 
released away from the coast (Frick, 1976) or in still waters (Goff et al., 1998), potentially 
resulting in an increase in time spent near the shore.  
Near-shore waters are generally predator-rich areas and relatively high predation 
rates of hatchling sea turtles within the first few minutes of entering the water have been 
reported (Gyuris et al., 1994; Wyneken et al., 1994; Pilcher et al., 2000). Wyneken (1994) 
studied anti-predator behaviour in hatchling loggerhead (Caretta caretta), green (Chelonia 
mydas) and leatherback (Dermochelys coriacea) turtles and showed that, in daylight 
conditions, green and leatherback turtle hatchlings did not react to an aquatic predator 
threat and continued swimming uninterrupted. Loggerhead hatchlings, however, stopped 
swimming for a few minutes when exposed to the same threat (Wyneken et al., 1994). 
Similarly,   older   hatchlings   of   loggerhead   and   hawksbill   (Eretmochelys   imbricata) 
responded to simulated predation by becoming inactive, typically tucking their front flippers 
on top of their carapace for a few minutes in daylight conditions (Mellgren et al., 2003). 
However,   no   study   has   examined   hatchling   anti-predator   behaviour   during   night 
conditions, which is when the vast majority of sea turtles emerge from their nest and enter 
the sea. 
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In  this  study  I examined  hatchling  loggerhead  turtle  swimming  behaviour,  in 
isolation and in the presence of a sibling, immediately after entering the water for the first 
time to simulate conditions within the first few minutes of the swimming frenzy in nature, 
when hatchlings are most likely to be in close contact with each other. I also investigated if 
the presence of a simulated predator (both moving and non-moving) resulted in a change 
in swimming behaviour.  
 
Material and Methods 
Study site 
This study took place at Mon Repos Conservation Park (24° 48’ S, 152° 27’ E) in  
south east Queensland, the major mainland breeding site of loggerhead turtles in eastern 
Australia (Pfaller et al., 2008). Approximately 400 females nest at this rookery each year 
(Limpus, 2008). 
 
Experimental procedure  
Newly emerged hatchlings were sampled between the 16th and the 27th of 
January 2012. Every night I placed corrals on top of nests expected to hatch and 
monitored them every hour throughout the night. Upon emergence, a total of six hatchlings 
were collected from each nest (a total of 11 nests) and transported to the trial tank 
(200 meters behind the beach dune and out of sight from the sea) in a bucket with dry 
sand, a process that took up to 15 minutes. Hatchlings crawled around the bottom of the 
bucket continuously during transport. Three hatchlings were assigned as ‘focal hatchlings’ 
(hatchlings whose behaviour was being assessed) and the remaining three were 
designated ‘sibling hatchlings’ (hatchlings from the same clutch used as a stimulus to the 
focal hatchlings – more details below) and only one pair of hatchlings (focal and sibling) 
were processed per swimming trial (a total of three pairs per clutch). While waiting for the 
swim trial, hatchlings were stored in the bucket with a cover over it so they were 
maintained in darkness and remained inactive. This behaviour is similar to what happens 
in the wild when hatchlings are resting in the nest prior to emergence. Hatchlings never 
waited more than 40 minutes before being tested. Hatchlings were placed in a round 1.2 m 
diameter x 0.5 m height swim tank containing approximately 340 litres of sea water, with a 
wooden beam horizontally attached across the top of the tank (Fig. 8). Two shorter beams 
were attached to the sides of the tank, perpendicularly to the main beam, hence there 
were four potential tethering sites for sibling hatchlings located 90º apart (Fig. 8). The rim 
 62 
 
of the tank was marked from 0º to 360º in 30º intervals, with the 0º marked facing towards 
the sea, so that a hatchling's swimming direction could be recorded once the trial started 
(Fig. 8). Hatchlings were fitted with a lycra harness and tethered to either the centre of the 
tank (focal hatchlings) or the sides of the tank (siblings) (Fig. 8). The tether length was 
adjusted so that hatchlings could swim freely in any direction but not touch the sides or 
bottom of the tank (Fig. 8). As they swam, the tether would stretch, which provided a 
resistance that encouraged continuous swimming. A Webcam (Logitech C160) was 
mounted in the middle of the tank 2 meters above the water level and compact fluorescent 
lights (Phillips 18W genie stick ~1,100 lumens) were mounted on either side of the 
webcam. Placing the lights at a 90º angle from the focal hatchlings avoided interference in 
their natural swimming direction. For each trial, videos of continuously recorded data were 
produced, while an observer also took notes one meter from the pool's edge. 
Each trial consisted of four steps: 1) five minutes of the focal hatchling swimming 
alone; 2) five minutes of the focal hatchling swimming in the presence of a sibling; 3) one 
minute of the focal hatchling in the presence of a non-moving predator stimulus; 4) one 
minute of the focal hatchling in the presence of a moving predator stimulus. At the end of 
each trial, both hatchlings were released onto the beach where they crawled to the sea 
and swam off. 
 
Swimming alone and swimming with a sibling trial steps 
The order in which the focal hatchling and its sibling were introduced in the tank 
alternated between trials. While one trial started with the focal hatchling swimming on its 
own for five minutes before adding its sibling, the following trial started with the sibling 
hatchling already in the tank when the focal hatchling was added. After a five minute 
period, the sibling hatchling was removed and the focal hatchling swam for another five 
minutes alone. Furthermore, in each trial the sibling was tethered to a different position 
around the perimeter of the tank (0º, 90º, 180º or 360º) to ensure the focal hatchling was 
responding to the sibling rather than orienting towards a particular side of the tank (Fig. 8). 
 
Predator stimuli trial steps 
 
The predator consisted of a two-dimensional shark model 50 cm in length and 15 
cm in height made of plywood and painted light grey. The model was attached to a long 
stake with a swivel, which enabled the movement needed for the moving stimulus trial step 
and allowed the experimenter to be at a significant distance from the tank to avoid 
interfering with the hatchling’s behaviour. The predator was always introduced slowly, from 
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above the tank. 
The predator stimuli trial steps always followed the swimming alone and swimming 
with a sibling trial steps. The order in which the non-moving and moving predator 
stimuli were presented to the focal hatchling was alternated between trials in order to 
eliminate the possibility of the order of stimulus creating an acclimation effect. For the non-
moving stimulus the shark model was held still and placed between 20 and 30 cm 
directly in front of the focal hatchling to ensure it would be within the hatchling's field of 
view. For the moving stimulus, the shark model was always introduced 20 to 30 cm 
directly in front of the focal hatchling and then immediately moved around the tank. In 
both trial steps, the swimming  direction,  behaviour  and  duration  of  behaviour  of  the  
focal  hatchling  were recorded. 
 
Statistical analysis 
The video files were analysed and the swimming direction of focal and sibling 
hatchlings was averaged once every 10 seconds throughout the trial. I used the ANOVA 
test for circular data to check for significance in changes of swimming direction (as 
explained below). All statistical analyses were performed in R (www.r-project.org) with 
packages CircStats and Circular. Statistical significance was assumed if p < 0.05. 
 
Swimming alone and swimming with a sibling trial step 
I  compared the swimming direction of focal hatchlings between the swimming 
alone trial step and the swimming in the presence of a sibling trial step, at the beginning 
(at 10 seconds), middle (at 2.5 minutes) and end (at 5 minutes). These time periods were 
compared to show how the swimming direction of the focal hatchling changed in the 
presence of a sibling, while minimising errors associated with statistical assumption that 
data points are independent of each other. When significance was indicated, the swimming 
direction of the sibling hatchling was then determined and compared with the focal 
hatchling's swimming direction, in order to understand if both hatchlings were swimming in 
the same direction. I also compared the swimming direction of the focal hatchlings within 
each trial step, at the beginning, middle and end, in order to find how long it took for the 
focal hatchlings to establish a set swimming direction. 
 
Predator stimuli trial steps 
I compared the swimming direction of focal hatchlings at the beginning (at 10 
seconds) and end (at 1 minute) between the non-moving predator stimulus trial step and 
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the moving predator stimulus trial step. Given the shorter duration of these trials, I  did 
not include a middle time period. Additionally, I  compared these time periods with the  
beginning  and  end,  respectively,  of  the  swimming  alone  trial  step,  in  order  to 
understand how each predator stimulus affected the swimming direction of the focal 
hatchling. 
 
Results 
Hatchlings were sampled from 11 nests. In 9 of those nests three pairs of hatchlings 
were collected and in the remaining 2 nests only two pairs of hatchlings were collected. 
Hence, a total of 31 focal hatchlings were tested. 
 
Swimming alone and swimming with a sibling trial steps 
The comparisons within the swimming alone trial step revealed significant 
differences in swimming direction between the beginning, middle and end (P< 0.01) 
(Fig. 9A). Post- hoc analyses revealed that the swimming direction of the focal hatchlings 
at the beginning (285º) and middle (319º) of the swimming alone trial were significantly 
different to that at the end (342º, p < 0.01 and p = 0.048, respectively). However, the 
swimming direction of focal hatchlings did not change significantly between the beginning 
and middle of the swimming alone trial step (p = 0.26) (Fig. 9A). When starting the trial by 
swimming in the presence of a sibling, focal hatchlings did not change their swimming 
direction significantly throughout the entire trial (p = 0.25) (Fig. 9B). 
When comparing both trials, the swimming direction of focal hatchlings at the 
beginning of the swimming alone trial (285º) and at the beginning of swimming with a 
sibling trial (353º) revealed significantly different to each other (p = 0.025, Fig. 10). 
However, after 2.5 minutes and 5 minutes no significant differences were found in 
swimming direction between both groups of focal hatchlings (p = 0.66 and p = 0.32 
respectively).  
When looking at the swimming with a sibling trial, the mean swimming direction of 
focal hatchlings (353º) was significantly different to that of its siblings (65º) at the beginning 
of the trial (p = 0.014, Fig. 10). No significant differences in swimming direction were found 
later in the trial between focal hatchlings and their siblings (middle of the trial, p > 0.66; 
end of the trial, p > 0.32). Direct  observations  of  hatchlings  indicated  no  obvious  
interaction  between  focal  and sibling hatchlings, they appeared to ignore each other. 
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Predator stimuli trial steps 
Loggerhead hatchlings showed a clear change in swimming behaviour during 
the non-moving and moving predator trials. When the non-moving predator stimulus was 
introduced most hatchlings became inactive for about 24 seconds (range 5-50 seconds) 
but resumed swimming afterwards. However, five hatchlings continued swimming 
uninterrupted when the predator stimulus was introduced and another two hatchlings 
remained inactive during the entire trial step. On the introduction of the moving predator 
stimulus, most hatchlings became inactive for about 27 seconds (range 2-50 seconds) until 
resuming their swimming. However, eight hatchlings continued to swim uninterrupted 
when  the  predator  stimulus  was  introduced  and  another  seven  hatchlings  remained 
inactive for the entire one minute of the trial step. 
During the period of inactivity, most hatchlings either retracted all four flippers 
and allowed themselves to drift or simply hid their fore-flippers on the carapace and kicked 
their hind flippers to slowly drift away. In some cases, hatchlings extended all four flippers 
in a spread-eagle manner while floating in the water. 
Because the majority of hatchlings ceased swimming and drifted somewhat 
randomly during the first 10 seconds after a predator stimulus was introduced, I decided 
not to use the 10 second time mark for direction comparisons but instead used directional 
data from hatchlings that were actively swimming at the one minute time mark after the 
predator stimulus was introduced. Swimming direction before the introduction of the 
predator stimulus (342º) was not significantly different (p > 0.25) from the swimming 
direction one minute after introduction of the non-moving predator stimulus (337º) or one 
minute after the introduction of the moving predator stimulus (330º) (Fig. 11). Likewise, the 
swimming direction after exposure to the non-moving stimulus was not significantly 
different from that after exposure to the moving stimulus (p = 0.36). 
 
Discussion 
In my experiments there was no regular wave direction for hatchlings to orient 
themselves, which is different from typical sea conditions experienced at rookery beaches. 
However, my results  suggest  that  in  the  absence  of  regular  wave  cues  hatchling 
loggerhead sea turtles react to each other's presence. When a sibling hatchling was 
present, the focal loggerhead changed its swimming direction and tended to swim in a 
direction more closely aligned to the swimming direction of its sibling (Fig. 10), and 
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maintained this direction while the sibling was present. 
Carr and Hirth (1961) showed that social facilitation occurs between green turtle 
sibling hatchlings while in the nest. After hatching, sea turtles make their way to the 
surface and this is only possible through cooperation (Carr and Hirth, 1961). Depending on 
their position in the nest, hatchlings can perform one of four tasks: those closer to the top 
scratch down the ceiling, while those closer to the sides dig through the walls. Hatchlings 
on the bottom are either responsible for depositing and compacting the sand that falls from 
above and the sides as they go up, or for encouraging the clutch to keep moving upwards 
by squirming suddenly when the group has gone quiet (Carr and Hirth, 1961). This social 
interaction is believed to persist during the beach crawl, as slower or stalled hatchlings 
tend to be pushed forward by sibling hatchlings as they move past them (Carr and Hirth, 
1961). When reaching the surf, other cues become significant for the off-shore swimming, 
such as the direction of the waves (Salmon and Lohmann, 1989; Lohmann and Lohmann, 
1992)  and  the  earth's  magnetic  field  (Lohmann  et  al.,  1997;  Fuxjager  et  al.,  2011). 
Although presumably not as relevant as these two cues, group interaction seems to occur 
in this initial stage and could potentially help to adjust the swimming orientation at the 
individual level and thus be beneficial. Flocking in birds and schooling in fish has been 
demonstrated to be beneficial in conditions of high predation risk and group foraging 
(Brock and Riffenburgh, 1960; Morton, 1971; Beauchamp, 2004; Powell, 1985), with flock 
size varying depending on food abundance and predator attacks (Morgan and Fernández- 
Juridic, 2007). This could also be a reason for hatchling sea turtles to remain within each 
other's proximity, even though they do not form conspicuous groups (Frick, 1976). 
In the current study, when hatchlings were swimming on their own they took around 
2.5 minutes to establish a set swimming direction. Goff et al. (1998) showed that hatchling 
sea turtles use the direction of waves to establish the magnetic orientation for the off-shore 
swimming. In order to do this, hatchlings swim an average of 30 minutes into waves and 
maintain that same orientation when reaching deeper waters where the earth's magnetic 
field is believed to become the strongest cue for navigation (Goff et al., 1998). Hatchlings 
swimming in still water and in dark conditions for 30 minutes never acquired a consistent 
swimming direction, nor did hatchlings that swam into waves for only 15 minutes (Goff et 
al., 1998). However, in the absence of waves, hatchlings can establish their magnetic 
orientation by either swimming towards a light or crawling between 1 and 3 minutes 
towards a light source before reaching the water (Goff et al., 1998). In my experiments, 
hatchlings did not have the initial beach crawling step. Instead, I collected them upon 
emergence and transported them dry to the laboratory in a bucket where they had 
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no or very little contact with a light source. During the experiment, lights were mounted 
vertically above the tank to enable video recording, so the light source could not be used 
as a directional cue. Whether the crawling in the bucket during transportation helped to 
establish a magnetic compass is uncertain, but, once in the tank, hatchlings swimming on 
their own quickly adopted a set swimming direction, although this adopted direction varied 
between individual hatchlings. These results are consistent with those reported by Pilcher 
et al. (2000) and Salmon and Lohmann (1989) but in my experiments, hatchlings were 
able to establish a direction even in the absence of swells (Salmon and Lohmann, 1989). 
In fact, because hatchlings changed their direction of swimming when a sibling was 
present, my study suggests that in the absence of strong environmental cues, hatchlings 
might rely on each  other  for  guidance  to  off-shore  swimming,  given  that  their  
direction remained unchanged throughout the entire time they were swimming together. I 
encourage more studies to be conducted on this, with a more complex setup to include 
other natural variables, such as swells. It would be interesting to compare how focal 
hatchlings behave when shifting from a trial with waves to one without waves, both while 
already in the presence of a sibling or after a sibling is introduced to the tank. Also, 
designing the experiment in which sibling hatchlings and model predator are automatically 
released in the tank would be ideal in order to avoid any potential influence on hatchlings’ 
behaviour caused by having the experimenter close to the tank.   
My experiments also show that newly emerged loggerhead turtle hatchlings have 
an anti-predator behaviour. When in the presence of a predator (moving and non-moving), 
most hatchlings became inactive and drifted away by either hiding their flippers on the 
carapace, extending all four flippers or by kicking their rear flippers. However, after a 
period of inactivity,  the  majority  of  hatchlings  resumed  their  stereotypical frenzy 
swimming activity,  maintaining  the  same direction established before the predator 
stimulus was introduced (Fig. 11). The anti-predator behaviour I observed in this study is 
similar to that found in post-hatchlings of loggerhead (Wyneken et al. 1994, Mellgren et al. 
2003) and hawksbill sea turtles (Mellgren et al. 2003). Ten day old loggerhead hatchlings 
became inactive for over 5 minutes after being exposed to a simulation of a predator 
(picked up and placed back in the water), whereas hawksbill post-hatchlings took around 
1.5 minutes to resume their swimming and green post-hatchlings only 1.8 seconds if not 
immediately (Mellgren et al., 2003). During the diurnal period of the off-shore frenzy 
swim, leatherback and green sea turtles tend to ignore all aquatic predators and continue 
power stroke swimming, whereas hatchling loggerhead turtles become immobile by 
tucking up their flippers or diving (Wyneken et al., 1994). In this study I  show that 
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newly emerged hatchling loggerheads exhibit similar anti-predator behaviours, although 
with a much quicker recovery after exposure to the predator stimuli (between 24-27 
seconds). Moreover, my study has found that loggerhead hatchlings seem to be able to 
distinguish between a potential predator and a sibling hatchling, ceasing to swim then a 
predator stimulus is introduced, but continuing to swim uninterrupted when a sibling is 
introduced. 
 
Conclusion 
This study suggests that hatchlings might be capable of relying on each other for 
guidance to off-shore swimming, when in the absence of strong environmental cues. 
When a hatchling initiated the trial by swimming alone, its swimming direction changed after 
a sibling was introduced to the tank, to a direction more closely aligned to the one of its 
sibling. When starting the trial by swimming with a sibling, hatchlings’ swimming direction 
remained unchanged. Furthermore, in this study I show that newly emerged (0 days old) 
hatchling loggerhead sea turtles have a similar anti-predator behaviour to that described 
for loggerhead post-hatchlings (10 days old), although with a much quicker recovery from 
the predator stimulus (between 24-27 seconds instead of 5 minutes). The fast recovery 
from the predator stimuli and the quick adjustment of swimming orientation suggest that 
swimming rapidly in a set direction is essential for a successful escape from the sea shore. 
Indeed, even in rookeries closer to oceanic currents, hatchlings increased their chances of 
survival the longer they maintained directional swimming off-shore (Putman et al., 2012). 
More studies investigating the influence of the presence of siblings in the water should be 
conducted with a more elaborate experimental design to minimize interference by the 
observer and account for environmental variables.  
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5.1 General discussion 
This thesis presents an analysis of the swimming strategies of hatchling sea turtles 
during the frenzy phase, with a particular focus on the energetic performance of swimming 
and how it could reflect their ecological background. It has made significant new 
contributions to the field of sea turtle biology by making discoveries on the physiology 
and behaviour of hatchlings during the crucial first few hours of the swimming frenzy.  
Chapter 2 explored and compared the energetic cost of swimming between 
hatchlings of three species of sea turtles, loggerhead, flatback and green, turtles, with a 
special focus on the use of aerobic metabolism and thrust produced throughout time. This 
Chapter also provided insight into why swimming efficiency changed over time and into 
differences in swimming strategies used by different species. Previous studies have only 
reported oxygen consumption and swimming effort during the first couple of hours of the 
frenzy swim and, on a larger scale, over the first few days of the off-shore 
swimming. This Chapter, however, presents for the first time a detailed combined analysis 
of aerobic metabolic rate and swim thrust over a significant period of the swimming frenzy 
phase, which allowed a  real  time  comparison  and  better  understanding  of  how  these  
two  variables are correlated and change over time. A further analysis of the overall swim 
thrust was also conducted with a detailed report of its three major components, the 
power stroke rate during a power stroking bout, the mean maximum thrust per power 
stroking bout and the proportion of time spent power stroking. Previous work has 
documented the overall swimming activity of hatchling sea turtles over time (Salmon et 
al., 2009; Wyneken and Salmon, 1992; Wyneken, 1997) but in this Chapter, the 
swimming activity is quantified and differentiated into power stroking and dog paddling 
activity. This study revealed that swimming behaviour differs between species. By 
separating the swim thrust into its three main components, the significant differences in 
swim thrust produced by green and loggerhead turtle hatchlings were found to be mainly 
derived from the differences in mean maximum thrust produced by each species, i.e., in 
the mean maximum power generated by the flippers. Moreover, while loggerhead and 
green turtle hatchlings maintained the proportion of time spent power stroking throughout 
the first 18 h of swimming, in flatback hatchlings it sharply decreased over time, which 
indicates an earlier shift in swim gait from power stroking to increased periods of dog 
paddling. Hence, this study supports previous speculation that flatback turtles might have 
an abbreviated frenzy phase (Walker and Parmenter, 1990; Wyneken, 1997), possibly 
after 6 hours into the off-shore swimming, as indicated by the faster decrease in aerobic 
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metabolic rate, swim thrust and overall lower swimming efficiency in comparison with 
green and loggerhead turtle hatchlings. No inference is possible about the duration of the 
swimming frenzy in either loggerhead or green turtle hatchlings as the proportion of time 
spent power stroking did not change significantly over the 18 h period trial. 
Chapter 3 explored the use of anaerobic metabolism over the first 4 hours of the 
swimming frenzy. The time frame analysed was selected based on data generated in 
Chapter 2, where the most significant decrease in swimming effort occurred within 2 hours 
of entering the water. Previous work on anaerobic metabolism have documented the 
changes in blood lactate concentration during the first minutes of off-shore dispersal in 
green (Baldwin et al., 1989) and loggerhead turtle hatchlings (Baldwin et al., 1989; Dial, 
1987). A more recent study also reported changes in blood glucose (an energy source) 
and corticosterone (a hormone involved in energy regulation and stress response) 
concentration during the early stages of the swimming frenzy in green turtle hatchlings 
(Hamann et al., 2007). In Chapter 3 ,  I also reported changes in blood glucose and 
corticosterone during the swimming frenzy in loggerhead and flatback hatchlings. As 
expected, the use of anaerobic metabolism was found to be high at the beginning of the 
frenzy phase but decreased considerably within the first 2 h of swimming. However, the 
pattern of use of anaerobic metabolism was similar in both species, which indicates that 
loggerhead turtle hatchlings depend more on aerobic metabolism during natal dispersal 
than flatback turtle hatchlings. This is evidenced in the higher rates of oxygen 
consumption and greater swim thrust produced by loggerhead turtle hatchlings. 
In Chapter 4, I investigated the possibility of social interaction of hatchlings after 
they entered the water. Sea turtle hatchlings are known to cooperate during nest 
emergence and continuous interaction has been reported during the beach crawl (Carr 
and Hirth, 1961). However, although social interaction is generally believed to cease once 
hatchlings enter the sea, no study has attempted to verify this. My  study  was  the  first  to  
report  on  sibling  interaction  in hatchling sea turtles  during  the  swimming dispersal 
phase and results suggest that sibling hatchlings react to each other by altering their 
swimming direction slightly within the first 5 to 10 minutes of swimming, a time when 
they are most likely to encounter each other in nature. This Chapter also produced new 
data on anti-predator behaviour for newly emerged loggerhead turtle hatchlings. Previous 
studies have assessed anti-predator behaviour in hatchlings and post-hatchlings of green 
and loggerhead turtle hatchlings but in daylight conditions (Mellgren et al., 2003; Wyneken 
et al., 1994) whereas in this Chapter I report data of nocturnal behaviour, a situation 
aligned with the night-time nest emergence of hatching sea turtles in natural conditions. 
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Furthermore, I also found that the majority of loggerhead hatchlings react to a predator 
stimulus by immediately ceasing swimming for an average of 25 seconds, which is 
different to what has been reported for post-hatchling loggerhead turtles, that engage in 
the same anti-predator behaviour, but for an average of 5 minutes. In my study, when 
swimming resumes, hatchlings return to the swimming direction previously established. 
 
5.2 Suggestions for future research directions 
In this study I showed that the swimming effort and rate of energy expenditure is 
greater in green turtle hatchlings compared to loggerhead hatchlings, and that loggerhead 
hatchling efforts are greater than flatback hatchlings. These differences are likely to be 
related to a combination of the distance that hatchlings must swim to meet dispersing 
currents and the predator density they encounter during this journey. Flatback hatchlings 
do not migrate long distances to meet oceanic currents, whereas both green and 
loggerhead hatchlings swim out to meet the east Australian oceanic current and this 
difference may explain the weaker swimming effort of flatback hatchlings. The 
difference in swimming effort of loggerhead and green hatchlings may be associated with 
differences in near-shore predator density as the green turtle hatchlings used in the 
comparison came from a coral cay nesting beach, where predator density is high, 
whereas the loggerhead turtle hatchlings came from a mainland beach with no near-shore 
reefs and consequently a much lower predator density. This hypothesis could be tested 
by measuring the swimming effort of loggerhead turtles from the same east Australian 
genetic stock that emerged from nests constructed on Heron Island, the same coral cay  
as  the  green  turtles, and measuring the swimming effort  of green turtles emerging from 
nests at Mon Repos.  The predictions would be that  loggerhead and green turtle 
hatchlings emerging from nests on Heron Island would be more vigorous swimmers than 
those hatched from nests on Mon Repos beach. A way of indirectly testing this hypothesis 
would be compare the front-flipper to body size ratio in hatchlings of both species from 
Mon Repos and Heron Island rookeries. The prediction being that hatchlings from Heron 
Island would have a higher front-flipper to body size ratio to power a more vigorous swim. 
Interspecific differences are still expected to be present, with green turtle hatchlings being 
more vigorous swimmers than loggerhead hatchlings because of their higher front-flipper 
to body size ratio. 
In Chapter 3, an indicator of anaerobic metabolism, blood lactate concentration 
and a key metabolic fuel, glucose concentration were monitored during the first four 
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hours of the swimming frenzy. Other metabolic fuel sources such as lipids and proteins, 
can also make a considerable contribution to fuelling metabolism. Hence, further 
investigation into the mobilisation of other fuels into the blood during the later stages of 
the swimming   frenzy   would   certainly   allow   a   better   understanding   of   the   
energetic requirements of this phase. Moreover, if intraspecific differences in the 
energetics of swimming (due to differences in predation pressure) are found between 
hatchlings from populations nesting on coral cays and hatchlings from populations nesting 
on coastal beaches (as speculated in Chapter 2), then an analysis of differences in the 
use of anaerobic  metabolism  between  these  two  groups  of  hatchlings  would  also  
prove interesting. The hypothesis would be that hatchlings from coral cays would be more 
vigorous swimmers that utilise greater anaerobic metabolism as indicated by higher blood 
lactate concentrations compared to hatchlings from mainland beaches. Interspecific 
comparison of size and composition of the yolk-sac would also be of interest, particularly 
for the flatback turtles. This could help to understand if the reason for the differences in the 
use of both aerobic and anaerobic metabolisms between all three species is related to 
differences in the fuel components present in the yolk needed to sustain swimming. I 
expect to find bigger and lipid-rich yolk-sacs in flatback turtles hatchlings. Green turtle 
hatchlings would likely have bigger yolk-sacs than loggerhead turtle hatchlings and, 
although never investigated, I suspect that in both species the yolk reserves would have a 
higher glycogen: lipid ratio than that of flatback turtle hatchlings. Similar comparisons at 
the intraspecific level between populations from coastal beaches and populations from 
coral cays would also be relevant. Likewise, I hypothesise that hatching populations from 
coral cay beaches would have a higher glycogen: lipid ratio than those emerging on 
mainland beaches, as they are likely to swim more vigorously when they first enter the 
water, a time when glycogen is likely to be the fuel used to power swimming. 
In Chapter 4, sibling interaction and anti-predator behaviour was analysed in 
hatchling loggerhead sea turtles during the first minutes of the swimming frenzy. Studies 
on anti- predator behaviour have been conducted in hatchling green, loggerhead, 
leatherback and hawksbill sea turtles (Mellgren et al., 2003; Wyneken et al., 1994). 
Loggerhead and hawksbill hatchling turtles were found to react to predators by ceasing to 
swim for a short period of time (Mellgren et al., 2003), while green and leatherback 
hatchlings did not react at all to predators (Wyneken et al., 1994). Further studies 
investigating anti-predator behaviour on other species of sea turtle hatchlings such as 
flatback and olive ridley would be useful to understand  why  some  species  react  to  
predators  and  others  do  not.  For example is anti-predator behaviour related to predator 
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density? Does anti-predator behaviour vary between different populations of the same 
species? Is anti-predator behaviour during the frenzy swim related to size and/or 
composition of yolk reserves? If so, this could help to explain the differences in energetics 
of swimming reported in Chapter 2.  
My findings also suggest that there are some sibling interactions in hatchling 
loggerhead turtles and such interactions need to be explored further in other sea turtle 
species. When do sibling hatchlings start using each other as cues for off-shore 
swimming and how long might this interaction go for? Furthermore, could there be other 
benefits for this apparent off-shore grouping? In birds flocking is common in long distance 
migrations  and  it  appears  to  be  beneficial  for  foraging  and  predator  
avoidance. Interspecific bird flocks are frequently found between species that are more 
vulnerable to predation. In some sea turtle rookeries, several different species use the 
same beach to nest at the same time of year. In such cases clutches from different 
species of sea turtles can emerge on the same night and hatchlings reach the water at 
roughly the same time. If hatchlings use conspecifics to guide themselves further off-
shore (as suggested in Chapter 4), how long would it last for during their dispersal? 
What would be the maximum distance sibling hatchlings would have to be from each 
other in order to remain as cues of orientation? Furthermore, what would happen if the 
closest hatchling is not a conspecific? Would they remain in proximity of hatchlings from 
another species? Or would they swim away in search of conspecific hatchlings? These 
interspecific interactions could be investigated to give a broader understanding of how 
hatchlings behave during their off-shore swimming. 
In summary, all Chapters of this thesis have contributed with new information 
about the swimming behaviour of hatchling sea turtles during the early stages of the off-
shore swimming. Species that migrate into the open ocean, such as green and loggerhead 
turtles, appear to engage in a more energetic swim, with longer periods of power strokes 
and higher use of both aerobic and anaerobic metabolism. On the other hand, species 
that remain in continental waters, such as the flatback turtle, appear to engage in a less 
vigorous off-shore swim, with a possible reason being the management of the energy 
reserves given they remain in near-shore waters, where the predator pressure is 
presumed to be constant. 
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Fig. 1. Distribution of the three study-species of sea turtles nesting sites along the Australian coast 
(Limpus, 2009a; Limpus, 2009b; Limpus 2009c): A) Caretta caretta; B) Chelonia mydas; C) 
Natator depressus. Arrows represent the four main ocean currents along the Australian coast 
(CMAR, CSIRO Marine and Atmospheric Research): the Leeuwin Current (red), the Antartic 
Circumpolar Current (blue); the East Australian Current (orange); and the South Equatorial Current 
(green). Circles in red and orange represent eddies as part of the ocean current with the same 
colour.  Yellow star indicates the location of Mon Repos Conservation Park. 
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Fig. 2. Drawings of sea turtle hatchlings: A) loggerhead turtle; B) green turtle; C) flatback turtle 
(adapted from (Giovaninni, 2008)). Differences in number of scutes is shown: loggerhead turtles 
have 5 central scutes (C), 5 pairs of lateral scutes (L) and  12 to 13 pairs of marginal scutes; green 
turtles have 5 central, 4 pairs of lateral and 12 pairs of marginal scutes; and flatback turtles have 5 
central, 4 pairs of lateral and 12 pairs of marginal scutes.  
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Fig. 3. Sample of thrust produced by green turtle hatchlings during swimming (modified from Booth 
and Evans, 2011), showing the power stroking and dog paddling behaviours. The dashed line 
represents the mean maximum thrust per power stroke. 
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Fig. 4. Natator depressus, Caretta caretta and Chelonia mydas. (A) Aerobic metabolic rate, (B) 
swim thrust and (C) swimming efficiency during the first 18 h of frenzy swimming in flatback and 
loggerhead turtle hatchlings from Mon Repos rookery and green turtle hatchlings from Heron 
Island rookery. Each point corresponds to the 10 min mean of each variable. 
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Fig. 5. Natator depressus, Caretta caretta and Chelonia mydas. Linear regression between 
aerobic metabolic rate and swim thrust in flatback and loggerhead turtle hatchlings from Mon 
Repos rookery and green turtle hatchlings from Heron Island rookery. Each point corresponds to 
the mean of each 10 min interval, estimated for each parameter, throughout the 18 h of swimming.  
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Fig. 6. Change in swimming variables with swimming time during the first 18 h of the frenzy swim 
of green (Chelonia mydas), loggerhead (Caretta caretta) and flatback (Natator depressus) turtle 
hatchlings swum in seawater at 28°C. (A) Mean thrust. (B) Power stroke rate during a power 
stroking bout. (C) Mean maximum thrust per power stroke. (D) Proportion of time spent power 
stroking. 
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Fig. 7. Blood lactate, blood glucose and blood corticosterone concentration from crawl until 4 hours 
of frenzy swimming in loggerhead (C. caretta) and flatback (N. depressus) turtle hatchlings from 
the Mon Repos rookery. Sample sizes for loggerhead and flatback turtles are listed in Table 2. 
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Fig. 8. Representation of the method for each swimming orientation trial. Focal hatchlings was 
always tethered to the centre of the tank, whereas sibling hatchlings were alternately tethered at 
positions 0º, 90º, 180º or 270º across trials. 0º was marked perpendicularly towards the ocean. 
 
 
 
 
 
 
 
 
 
 
 
 
 94 
 
Fig. 9. Swimming direction of focal hatchlings during the swimming alone trial step (a) and 
swimming in the presence of a sibling trial step (b). a) swimming direction of focal hatchlings at the 
beginning (at 10s, full arrow, 285º), middle (at 2.5 minutes, dashed arrow, 319º) and end (at 5 
minutes, dotted arrow, 342º). b) swimming direction of focal hatchlings at the beginning (at 10s, full 
arrow, 353º), middle (at 2.5 minutes, dashed arrow, 306º) and end (at 5 minutes, dotted arrow, 
346º). Significant differences were found within the swimming alone trial step, between the 
beginning and end (P< 0.01) and between the middle and end of the trial step (P= 0.048). No 
significant differences were found within the swimming in the presence of a sibling trial step (P= 
0.25). 
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Fig. 10. Swimming direction of focal hatchlings at the beginning (at 10s) of the swimming alone 
trial step (dashed arrow, 285º) and of the swimming with a sibling trial step (full arrow, 353º), 
where significant differences were found (P= 0.025). Swimming direction of the sibling hatchling 
(dotted arrow on top, 65º) was also significantly different from the focal hatchling's at the beginning 
of the trial step (P= 0.014). Dots on the perimeter of the circumference represent the swimming 
direction of all focal hatchings at the beginning (at 10 s) of the swimming alone and the swimming 
with a sibling trial steps. 
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Fig. 11. Swimming direction of focal hatchlings at the end (at one minute) of the predator stimuli 
trial steps. No significant differences were found between the non-moving predator stimulus (full 
arrow, 337º) and the moving predator stimulus (dotted arrow, 330º) (P= 0.36). Likewise, the 
swimming direction of the focal hatchling at the end of the swimming alone trial step (dashed 
arrow, 342º) was not significantly different to either predator stimuli trial steps (P> 0.25). 
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Table 1. Summary of data reported for sea turtles during the 'swimming frenzy' before the current 
study was conducted: hatchling mass, hatchling swimming behaviour, oxygen consumption, stroke 
rate and blood lactate.  Geographic dispersion refers to the entire life cycle of the species.  
 
Species Geographic 
dispersion 
Hatchling 
mass (kg) 
Hatchling 
swimming 
behaviour 
VO2  
(ml.min-1)  
Stroke 
rate 
(stroke. 
min-1) 
Blood lactate 
(mmol. L-1) 
C. caretta  
 
 
Neritic and 
oceanic 
phaseb  
0.019– 
0.022a  
Simultaneous 
movement of 
fore-flippers 
and dog 
paddlingc  
0.08-0.33a  126 ± 6c  1.5 ± 0.5 
(bottom nest 
restingd) 
4.5 ± 2 (nest 
diggingd) 
1.6 ± 1 (surface 
nest restingd) 
3.23 ± 1.4 
(crawlinge) 
C. mydas Neritic and 
oceanic 
phaseb 
0.025–
0.031a  
Simultaneous 
movement of 
fore-flippers 
and dog 
paddlingc 
0.17-0.52a 132 ± 24c 2.3 ± 0.8 
(bottom nest 
restingd) 
7.5 ± 3 (nest 
diggingd) 
7.54 ± 1.08 
(nest diggingf) 
2.4 ± 1.2 
(surface nest 
restingd) 
2.17 ± 1.29 
(surface nest 
restinge) 
2.27 ± 0.62 
(surface nest 
restingf) 
8.88 ± 3.16 
(crawlinge) 
2.27 ± 0.62 
(first minutes 
swimmingf) 
18.35 ± 3.85 (2 
h swimmingf) 
1.65 ± 0.45 (24 
h swimmingf) 
D. 
coriacea 
Oceanic 
phase 
essenciallyb 
0.040–
0.078a  
Simultaneous 
movement of 
fore-flippers; 
no dog 
paddlingc 
0.25-0.37a 84 ± 6c 1.4 ± 1 (bottom 
nest restingd)  
5 ± 2 (nest 
diggingd) 
2.3 ± 0.8 
(surface nest 
restingd) 
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L. 
olivacea  
Neritic and 
oceanic 
phaseb 
0.013–
0.019a  
Simultaneous 
movement of 
fore-flippers 
and dog 
paddlingc 
0.09-0.50a Unknown Unknown 
L. kempii Neritic and 
oceanic 
phaseb 
Unknown Simultaneous 
movement of 
fore-flippers 
and dog 
paddlingc 
Unknown Unknown Unknown 
E. 
imbricata 
Neritic and 
oceanic 
phaseb 
0.0115–
0.0118g  
Little swim, 
drifting mainlyh 
Unknown Unknown Unknown 
N. 
depressus 
Neritic phase 
(Australian 
continental 
platform)b 
0.022–0.051i Simultaneous 
movement of 
fore-flippers 
and dog 
paddlingc 
Unknown Unknown Unknown 
 
 
 
 
 
 
a – Wallace and Jones (2008) 
b – Bolten (2003) 
c – Wyneken (1997) 
d – Milton and Lutz (1997)  
e – Baldwin et al. (1989) 
f – Hamann et al. (2007) 
g – Chung et al. (2009a)   
h – Chung et al. (2009b)   
i – Limpus (2008b) 
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Table 2. Natator depressus, Chelonia mydas and Caretta caretta. Means ± SE for hatchling 
variables and post hoc Fisher LSD multiple comparisons test between flatback (F), green (G) and 
loggerhead (L) hatchlings. Data for green turtle hatchlings taken from Booth (2009). SCL: shell 
carapace length, SCW: shell carapace width, BT: body thickness, RFFTL: right front flipper total 
length. 
 
Variable Flatback (n=13) Green (n= 5) Loggerhead        
(n=15) 
Post Hoc 
comparison 
Mass (g) 41.44 ± 0.77 25.62 ± 0.76 19.59 ± 0.71 F> G> L 
SCL (cm) 5.99 ± 0.04 Not reported 4.32 ± 0.03 
 
 
F> L 
SCW (cm) 4.78 ± 0.07 
 
 
Not reported 3.50 ± 0.07 
 
 
F> L 
 
 
BT (cm) 1.99 ± 0.04 
 
Not reported 1.63 ± 0.04 
 
 
F> L 
 
 
RFFTL (cm) 4.76 ± 0.05 
 
 
Not reported 4.03 ± 0.04 
 
 
F> L 
 
 
Swim thrust 
during first 10 
minutes of 
swimming (mN) 
49.72 ± 2.2 
 
 
44.40 ± 3.4 
 
 
23.44 ± 2.0 
 
 
F= G> L 
 
 
Swim thrust 
during last 10 
minutes of 
swimming (mN) 
9.24 ± 1.1 
 
 
23.44 ± 1.92 
 
 
14.06 ± 1.05 
 
 
G> L> F 
 
 
Metabolic rate 
during the first 
10 minutes of 
swimming (mW) 
154.0 ± 8.7 
 
 
186.9 ± 13.5 
 
 
97.6 ± 7.8 
 
 
G> F> L 
 
 
 
Metabolic rate 
during the last 
10 minutes of 
swimming (mW) 
46.3 ± 4.4 
 
 
54.5 ± 7.1 
 
 
36.4 ± 4.1 
 
 
F=  G= L 
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Table 3. Sample size for each measured variable at each sampling time for data reported in Fig. 5. 
Numbers in brackets indicate number of clutches represented in sample. 
 
 
Species and 
sampling time 
Blood lactate 
concentration 
Blood glucose 
concentration 
Blood corticosterone 
concentration 
Loggerhead 
   
Crawl 20 (8) 12 (7) 23 (8) 
15 min swim 21 (8) 13 (7) 22 (8) 
30 min swim 16 (8) 10 (7) 19 (8) 
1 h swim 21 (8) 15 (7) 23 (8) 
2 h swim 20 (8) 8 (7) 22 (8) 
4 h swim 18 (8) 10 (7) 20 (8) 
    
Flatback    
Crawl 10 (4) 11 (5) 13 (5) 
15 min swim 7 (4) 5 (5) 10 (5) 
30 min swim 8 (4) 9 (5) 10 (5) 
1 h swim 8 (4) 8 (5) 13 (5) 
2 h swim 6 (4) 6 (5) 12 (5) 
4 h swim 8 (4) 9 (5) 14 (5) 
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Table 4. Results of Repeated Measure ANOVAs for differences in blood lactate, glucose and 
corticosterone concentration in loggerhead and flatback turtle hatchlings and across time intervals. 
F= F value, P= probability. 
 
 
 Blood lactate Blood glucose Blood corticosterone 
Species F(1,1) 0.538 1.358 0.812 
Species P 0.480 0.274 0.387 
Time F (1,5) 8.838 8.240 8.716 
Time P < 0.001 < 0.001  < 0.001 
Species*Time F (1,5) 2.347 0.620 1.652 
Species*Time P 0.055 0.685 0.162 
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INTRODUCTION
After emerging from nests, sea turtle hatchlings
crawl to the sea and typically enter a ‘swimming
frenzy’ which quickly moves them into offshore
oceanic currents (Salmon & Wyneken 1987, Wyne ken
& Salmon 1992, Hays et al. 2010). During the swim-
ming frenzy, hatchlings swim continuously for ap-
proximately 24 h (Salmon et al. 2009), living solely on
their yolk reserves (Wyneken & Salmon 1992, Wyn e -
ken 1997). Typically, swimming shifts from using a
primarily ‘powerstroking’ gait in which lift and drag-
based foreflipper movement is used to produce thrust,
to primarily a ‘dogpaddling’ gait in which an alter-
nately 4-flipper movement is used to produce thrust
towards the end of the swimming frenzy (Salmon &
Wyneken 1987, Wyneken & Salmon 1992). During
this time, sea turtle hatchlings typically swim within
1 m of the surface, which not only reduces surface
drag (Hays et al. 2001) but also make hatchlings less
obvious to aerial predators (Witherington & Salmon
1992, Hays et al. 2001). Previous studies have demon-
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ABSTRACT: Swimming performance influences the dispersal success of sea turtle hatchlings
when they first enter the water and engage in a ‘swimming frenzy’ which moves them rapidly off-
shore. We simultaneously measured swim thrust (in millinewtons, mN) and metabolic rate (in mil-
liwatts, mW) of loggerhead Caretta caretta and flatback turtle Natator depressus hatchlings dur-
ing the first 18 h of the swimming frenzy and compared the results with previous data from green
turtle Chelonia mydas hatchlings. Metabolic rate was correlated with swim thrust in all species. In
all species, swim thrust decreased sharply during the first 2 h of swimming, continued to slowly
decrease until 12 h and remained constant at this lowest level until experiments ended at 18 h.
Metabolic rate had a similar pattern, with a steep drop during the first 2 h followed by a less steep
decrease before becoming relatively constant. Swim thrust and metabolic rate were highest in
green turtle hatchlings. Flatback hatchling metabolic rate was similar to green turtle hatchlings
but they weighed almost twice as much, while loggerhead hatchlings had the lowest metabolic
rate. Flatback hatchling swim thrust decreased the fastest, falling below that of green turtle hatch-
lings within the first hour of swimming and falling below loggerhead turtle hatchlings after 12 h
of swimming. These findings suggest that flatback hatchlings have a different dispersal behaviour
compared to green and loggerhead hatchlings. The shorter highly vigorous swimming period of
flatback turtles might be explained by the fact that they do not swim into off-shore oceanic dis-
persing currents, and managing their energy resources might be a strategic adaptation to survive
predators in a relatively constant environment.
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strated that the fastest powerstroke rates occur early
in the swimming frenzy (Salmon & Wyneken 1987,
Wyneken & Salmon 1992, Burgess et al. 2006, Booth
2009, Ischer et al. 2009) when the rate of oxygen con-
sumption (O2) is greatest (Wyneken 1991, Wyneken
1997, Booth 2009). From that point onwards, both
powerstroke rate and O2 decrease. Nevertheless,
there are intraspecific (Wyneken et al. 2008) and in-
terspecific (Wyneken & Salmon 1992, Jones et al.
2003, 2007) differences in sea turtle hatchling swim-
ming behaviour. Although green turtle Chelonia my-
das (Linnaeus, 1758), loggerhead turtle Caretta
caretta (Linnaeus, 1758) and leatherback turtle Der-
mochelys coriacea (Vandelli 1761) are long-distance
migratory species, green hatchlings are reported to
have the largest aerobic scope (ratio of O2 at rest to O2
during maximal swimming), loggerhead hatchlings
have an intermediate aerobic scope, and leatherback
hatchlings have the lowest aerobic scope (Wyneken
1997). During post-frenzy swimming, both the time
spent actively swimming and O2 decrease significantly
in all 3 species (Wyneken 1997).
It has been hypothesized that sea turtle hatchling
swimming behaviour during dispersal off-shore has
been molded by selection to minimize predator
encounters (the ‘predation risk’ hypothesis; Chung et
al. 2009a,b, Salmon et al. 2009). Predation pressure in
the near-shore environment and the distance be -
tween the nesting beaches and nearby oceanic cur-
rents appear to influence the vigour of the frenzy
swim, with hatchlings swimming more vigorously
when having to swim farther to reach offshore
oceanic currents (Wyneken et al. 2008, Chung et al.
2009a, Putman et al. 2010).
Very little is known about flatback turtle Natator
depressus (Garman, 1880) hatchling swimming be -
haviour (Wyneken 1997, Salmon et al. 2009). Flatback
turtle hatchlings are the second largest (Prit chard &
Mortimer 1999) and second heaviest (Miller 1997)
among sea turtles. Walker & Parmenter (1990) hy-
pothesized that flatback turtle hatchlings might have
a strong swimming ability because of their large size
and presumably larger yolk reserves. If this statement
is true, one would expect larger sea turtle hatchlings
to generate greater swim thrust. However, compara-
tive studies between loggerhead, green and leather -
back hatchlings indicate that the larger leatherback
hatchlings are slower swimmers, with slower flipper
movements compared to smaller green and logger-
head turtle hatchlings (Wyneken 1997).
Flatback turtles are confined to the Australian conti-
nental shelf (Limpus 2008b), and hatchlings are
thought not to disperse into mid-ocean currents
(Wyne ken 1997). For this reason, it has been specu-
lated that this species has an abbreviated swimming
frenzy (Wyneken 1997), and, if so, this phase might be
less intense when compared to green and loggerhead
turtles that migrate to the mid-ocean. However, a re-
cent laboratory study reported that flatback turtle
hatchlings swim more or less continuously for several
days after entering the water (Salmon et al. 2009), but
there is no record of how vigorously they swim during
this time. Hence, in this study, we tested the hypothe-
sis that swimming behaviour and the energetics of
swimming differ among species of hatchling seas tur-
tles by measuring swimming performance (quantified
by swim thrust) and metabolic rate during the first 18 h
of the swimming frenzy. We also interpret patterns of
swimming effort and metabolic rate in light of what is
known about the dispersal strategy of these species.
MATERIALS AND METHODS
Study site
This study was conducted at Mon Repos Conserva-
tion Park (24° 48’ S, 152° 27’ E), Queensland, the big -
gest and best monitored turtle rookery on the east
coast of the Australian mainland (Pfaller 2008). Sev-
eral hundred loggerheads and about 10 flatbacks
nest at this site each year, and all females are tagged
(Limpus et al. 1984, Limpus & Limpus 2003, Limpus
2008a,b).
Evaluation of aerobic swimming performance
Swim thrust and metabolic rate were measured
in newly emerged loggerhead and flatback turtle
hatch lings between 5 January and 11 February 2010.
Nests were monitored for emergence throughout the
night, and when an emergence event occurred, a sin-
gle hatchling from a nest was randomly selected and
transported dry in a bucket to the laboratory, a pro-
cess that took between 10 and 15 min. During this
transport time, hatchlings crawled around inside the
bucket, a behaviour similar to a wild hatchling crawl-
ing down the beach towards the sea.
All hatchlings were weighed to 0.1 g on an
electronic balance (AND Model EK-1200A), and
straight carapace length (SCL), straight carapace
width (SCW), body thickness (BT) and right front flip-
per total length (RFFTL) were measured to 0.1 mm
with a calliper (Kincrome Stainless Hardened S07702)
be fore the swimming trial. Swim thrust (millinewtons,
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mN) and metabolic rate (milliwatts, mW) were mea-
sured simultaneously during the first 18 h of swimming
following the method of Booth (2009). Briefly, hatch-
lings were placed in a tank (34 cm long × 28 cm wide ×
19 cm high) filled with 16 cm of 28°C water, the aver-
age offshore water temperature at Mon Re pos (28 ±
1°C, Bennett et al. 1986). The tank was paint ed black
except on 1 side, where a low intensity light was
placed to induce directional swimming. The tank was
sealed with a lid using vacuum grease. Three 2 mm
holes were drilled in the lid, 1 at the front corner to al-
low continuous air entrance, the second at the back
corner diagonally opposite to the air entrance where a
tube was attached to sample chamber air at a rate of 90
to 100 ml min−1, and the third in the middle on the lid
where a monofilament tether passed through connect-
ing a force transducer (MLT050 ADInstruments) to a
lycra harness that was fitted to the hatchling. The force
transducer was connected to a bridge amplifier
(ML112 ADInstruments) and the output of the bridge
amplifier recorded via a data acquisition system
(Power Lab 8/20 using LabChart v6.0 software, ADIn-
struments). The tether’s length was adjusted so that
the hatchling could swim freely but could not touch
the walls or bottom of the tank. Water temperature in
the tank was monitored by a thermocouple converter
(SMCJ-T Omega.com, Omega Engineering). Air was
drawn from the air space above the water, passed
through a drierite® water absorber through a mass-
flow meter (FMA 0-100 ml min−1 Omega.com, Omega
Engineering) and through an oxygen analyser (PA-1B
Sable Systems) and a pump before being vented to the
atmosphere. The oxygen analyser was calibrated be-
fore and after measurements with high purity nitrogen
and dried room air. The oxygen analyser had a heated
measurement cell with an inbuilt barometric pressure
compensator so that small changes in room tempera-
ture (24 to 29°C) and barometric pressure (101.2 to
101.4 kPa) did not cause the baseline to shift, and the
drift in span was always less than 0.02% during the
measurement period. We assumed a linear drift in the
span during this time to make a correction, but this
correction was always very small. Likewise, the force
transducer was calibrated before and after measure-
ment by suspending a known mass from the force
transducer. Signals from the oxygen analyser, flow -
meter and thermocouple were sampled every 30 s, and
the signal from the force transducer sampled at 40 Hz.
In order to apply an instantaneous correction to
metabolic rate (Bartholomew et al. 1981), the wash -
out characteristics of the respirometry system were
measured by flushing the system with nitrogen and
monitoring the rate at which the oxygen concentra-
tion changed when room air was drawn into the sys-
tem. These data were used to calculate the system’s
effective volume. Metabolic rate (in mW) was deter-
mined by first calculating oxygen consumption using
Eq. 11.2 of Lighton (2008) assuming that the ratio of
CO2 eliminated per O2 consumed, i.e. respiratory
quotient (RQ) was 0.80 after the washout correction
was applied to fractional concentration of oxygen in
air entering the oxygen analyser (FO2out):
V˙O2 = 1.044 × FR × (0.2095 − FO2out) (1)
where FR = flow rate of dry air exiting the chamber
and 1.044 = 1/[1 − 0.2095 × (1 − 0.8)].
Oxygen consumption was then converted to watts
assuming an RQ of 0.80 and using an oxy-joule equiv-
alent of 20.13 J ml−1 O2 (Lighton et al. 1987). As
pointed out by Koteja (1996), when converting oxy -
gen consumption into energy equivalents for meta-
bolic rate, if one assumes an RQ of 0.8 instead of the
actual RQ, the error introduced to the calculations is
less than 0.6% over the entire physiological range of
RQ because errors caused by an incorrect assumption
of RQ are in opposite directions and essentially
cancel each other out. Thrust was calculated in mN
by using the unit conversion facility option in the
LabChart v6.0 software (ADInstruments). Mean
metabolic rate and thrust were calculated for each in-
dividual turtle hatchling every 10 min interval
throughout the entire 18 h period of swimming.
Statistical analysis
Data for green turtle hatchlings from a previous
study (Booth 2009) were included to enable compar-
isons across 3 species. Statistical significance was
assumed if p < 0.05. The relationship between swim
thrust and metabolic rate in hatchlings was estimated
by linear regression analysis. Interspecific differen -
ces in hatchlings mass, swim thrust and metabolic
rate during the first 10 min of swimming after enter-
ing the water, and swim thrust and metabolic rate
during the last 10 min of the swimming trial (i.e. after
17 h and 50 min of swimming) were performed using
a 2-way analysis of variance (ANOVA; species and
measurement time fixed factors). Further 1-way
ANOVA comparisons between hatchlings from the 3
species were performed for SCL, SCW, BT and
RFFTL. A crude measure of swimming efficiency
(thrust produced per rate of energy use; N W−1) was
calculated by dividing the thrust produced by the
metabolic rate for each 10 min interval throughout
the 18 h swimming period.
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RESULTS
In total, 28 hatchlings were sampled: 15 loggerheads
and 13 flatbacks. Data from 5 green turtle hatchlings
from Heron Island collected by Booth (2009) were
also included to allow interspecies comparisons.
Loggerhead hatchlings
Metabolic rate decreased rapidly from 96 to 50 mW
during the first 2 h of swimming, followed by a slower
decrease from 50 to 35 mW between 2 and 8 h
(Fig. 1A). From 8 to 18 h, the metabolic rate was rel-
atively constant, averaging 35 mW (Fig. 1A). Swim
thrust followed the metabolic rate pattern, decreas-
ing sharply from 23 to 17 mN within the first 2 h of
swimming, then decreased at a slower rate between
2 and 12 h of swimming (from 17 to 14 mN; Fig. 1B).
After 12 h of swimming, swim thrust remained rela-
tively constant, averaging 14 mN until the trial ended
at 18 h (Fig. 1B). Swimming efficiency increased
steadily for the first 8.5 h of swimming from 0.24 to
0.49 N W−1 and then decreased steadily to 0.35 N W−1
at 14.5 h (Fig. 1C). After 14.5 h, swimming efficiency
in creased to another small peak at 16 h before de -
creas ing again to 0.35 N W−1 after 18 h (Fig. 1C).
Swim thrust was positively correlated with metabolic
rate (Fig. 2).
Flatback hatchlings
In total, 13 hatchlings were sampled, but due to a
technical problem, swim thrust and metabolic rate
data from 1 hatchling were not recorded for the first
1.2 h. Both the metabolic rate and mean force de -
creased with increased swim time (Fig. 1A,B). Meta-
bolic rate decreased rapidly from 160 to 73 mW from
0 to 2 h, then decreased steadily from 73 to 45 mW
during 2 to 6 h and averaged 45 mW until the trial
ended at 18 h (Fig. 1A). Swim thrust also de creased
rapidly from 48 to 29 mN from 0 to 2 h, then de -
creased steadily from 29 to 11 mN from 2 to 18 h
(Fig. 1B). Swimming efficiency increased stead ily
from 0.32 to 0.43 N W−1 from 0 to 6.5 h, then de -
creased slowly to 0.37 N W−1 at 10 h before decreas-
ing sharply to 0.22 N W−1 at 15.5 h where it remained
until the trial finished at 18 h (Fig. 1C). Swim thrust
was positively correlated with metabolic rate (Fig. 2).
Green hatchlings
As reported by Booth (2009), metabolic rate de -
creased rapidly from 177 to nearly 100 mW during
the first 2 h of swimming, followed by a slower
 de crease from 100 to 55 mW between 2 and 12 h
(Fig. 1A). From 12 to 18 h, the metabolic rate was rel-
atively constant, averaging 55 mW (Fig. 1A). Swim
thrust followed the metabolic rate pattern, decreas-
ing sharply from 45 to 33 mN within the first 2 h of
swimming (Fig. 1B). Between 2 and 12 h, it decreased
slowly from 33 to 22 mN, and from 12 h onwards,
swim thrust remained constant at 22 mN (Fig. 1B).
Swimming efficiency increased steadily for the first
12.5 h of swimming from 0.25 to 0.43 N W−1 and
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Fig. 1. Natator depressus, Caretta caretta and Chelonia
 mydas. (A) Metabolic rate, (B) swim thrust and (C) swimming
efficiency during the first 18 h of frenzy swimming in flatback
and loggerhead turtle hatchlings from Mon Repos rookery
and green turtle hatchlings from Heron Island rookery. Each 
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remained constant at that level until the end of the
trial, with only a slight decrease between 15.5 and
16.5 h (Fig. 1C). Swim thrust was positively corre-
lated with metabolic rate (Fig. 2).
Comparison among loggerhead, flatback 
and green turtle hatchlings
After testing for normality and homoscedasticity,
ANOVAs were performed comparing variables
among loggerhead, flatback and green turtle hatch-
lings. Significant interspecies differences were
found in hatchlings mass (F2,30 = 222.66, p < 0.001),
swim thrust during the first 10 min of swimming
(F2,29 = 43.75, p < 0.001), swim thrust during the last
10 min of the 18 h swimming trial (F2,30 = 22.94, p <
0.001) and metabolic rate during the first 10 min of
swimming (F2,29 = 22.08, p < 0.001) but not in the
metabolic rate during the last 10 min of the 18 h
swimming trial (F2,30 = 3.04, p = 0.063; Table 1). For
all species, swim thrust and metabolic rate were
greater during the first 10 min of swimming com-
pared to the last 10 min (p < 0.001 in all cases). Flat-
back turtle hatchlings had greater mass than green
turtle hatchlings, which were greater than logger-
head turtle hatchlings (Table 1). Flatback and green
turtle hatchlings produced greater swim thrust than
loggerhead turtles during the first 10 min of swim-
ming. After 18 h of swimming, green turtle hatch-
lings produced the greatest swim thrust, followed
by loggerhead hatchlings, which had swim thrusts
greater than flatback hatchlings (Table 1). Meta-
bolic rate during the first 10 min of swimming was
greatest in green turtles, intermediate in flatback
turtles and lowest in loggerhead turtles, but was
similar in all 3 species during the last 10 min of the
18 h swimming trial (Table 1).
Although the general pattern of declines in swim-
ming thrust and metabolic rate was similar in all 3
species (initial rapid decline, a period of slower de -
cline and then a period of no decline), there were
subtle interspecies differences, with flatback hatch-
lings being notably different from green and logger-
head hatchlings. All 3 species experienced the steep-
est decline in metabolic rate within the first 2 h of
swimming (Fig. 1A), with flatback hatchlings experi-
encing the greatest decrease (61% decline), followed
by loggerhead hatchlings (55%) and green hatch-
lings (44%). Green turtle hatchlings had the greatest
metabolic rate throughout the entire monitored pe -
riod. The period of steady decline was from 2 to 8 h in
flatback and loggerhead hatchlings, but extended to
12 h in green hatchlings (Fig. 1A). Similarly, all 3 spe-
cies experienced the greatest decline in swim thrust
within the first 2 h of entering the water, with flat-
backs experiencing the greatest decline (40%), and
green and loggerhead hatchling swim thrust falling
by 22% (Fig. 1B). Swim thrust of flatback hatchlings
continued to decline for the remaining 16 h, while
swim thrust of both green and loggerhead hatchlings
declined slowly until 12 h, but then re mained con-
stant for the last 6 h of the 18 h swimming trial
(Fig. 1B).
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DISCUSSION
Morphological measurements of mass and size of
loggerhead, flatback and green hatchlings reported
here are similar to those previously reported in the
east Australian populations of these species (Limpus
2008a,b,c). The method used to assess the swim
thrust in our study has been used before and is a
good estimate of the free-swimming behaviour in
hatchlings (Wyneken 1997). The general pattern of
a de crease in swim thrust and metabolic rate as
swimming time proceeded, with the decreases
being greatest during the first 2 h of swimming, was
common to all 3 species examined. However, there
were subtle species-specific differences. These dif-
ferences can be related to the hypothesis posed in
the ‘Introduction’ that flatback hatchlings have a
different swim ming strategy than green and logger-
head turtles.
Hatchling size might influence swimming thrust as
evidenced by the higher swim thrust of the larger
flatback hatchlings during the first 30 min of swim-
ming (Fig. 1B, Table 1). However, although flatback
hatchlings have the potential to produce greater
swim thrust than green and loggerhead turtles, as
swimming time increased, their swim thrust de -
creased at a faster rate than green and loggerhead
turtles so that after 30 min of swimming, their swim
thrust was less than green turtle hatchlings, and it
fell below that of loggerhead turtles after 11 h of
swimming (Fig. 1B). Green turtle hatchlings pro-
duced the highest swim thrust from 30 min onwards
(Fig. 1B) and also had the highest rate of oxygen
 consumption (Fig. 1A), which suggests that they are
more vigorous swimmers than loggerhead and flat-
back hatchlings during this period. In our crude as-
sessment of swimming efficiency in terms of the rate
of thrust production per power consumed (Fig. 1C),
the temporal variation was different for each species,
and this variation might be related to swimming be-
haviour. All species showed an initial increase in
swimming efficiency during the first 6 h of swimming
(Fig. 1C), and this is probably due to a combination of
learning to stroke more efficiently and a decrease in
the powerstroke rate during this time (Booth 2009).
However, in flatback hatchlings, swimming ef fi -
ciency began declining slowly after the peak at 6 h
and decreased sharply from 10 h onward, whereas in
loggerhead turtles, the peak occurred at 8 h before
decreasing steadily (Fig. 1C). A possible explanation
for these apparent decreases in swim efficiently may
be that the proportion of time spent powerstroking,
dogpaddling and resting changes during these peri-
ods. Greater thrust is produced during power strok -
ing than during dogpaddling, and no thrust is pro-
duced during rest (Burgess et al. 2006, Booth 2009). If
after 6 h of swimming, the proportion of time spent
resting increases, there will be an apparent decrease
in swimming efficiency be cause no thrust is pro -
duced during these times, but metabolic rate does
not drop to 0 because metabolic rate needs to be
maintained at a resting rate above 0 in order to main-
tain body tissues during these periods.
Flatback hatchlings did not swim as vigorously as
green and loggerhead turtle hatchlings, suggesting
that flatback hatchlings might not use anaerobic
metabolism as extensively as green and loggerhead
hatchlings, particularly during the first hour of swim-
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Variable                                       Flatback (n = 13)         Green (n = 5)        Loggerhead (n = 15)        Post hoc comparison
Mass (g)                                           41.44 ± 0.77             25.62 ± 0.76                19.59 ± 0.71                         F > G > L
SCL (cm)                                          5.99 ± 0.04             Not reported                4.32 ± 0.03                            F > L
SCW (cm)                                         4.78 ± 0.07             Not reported                3.50 ± 0.07                            F > L
BT (cm)                                            1.99 ± 0.04             Not reported                1.63 ± 0.04                            F > L
RFFTL (cm)                                      4.76 ± 0.05             Not reported                4.03 ± 0.04                            F > L
Swim thrust during first                   49.72 ± 2.2                 44.40 ± 3.4                    23.44 ± 2.0                           F = G > L
10 min of swimming (mN)
Swim thrust during last                    9.24 ± 1.1               23.44 ± 1.92                14.06 ± 1.05                         G > L > F
10 min of swimming (mN)
Metabolic rate during the                154.0 ± 8.7               186.9 ± 13.5                  97.6 ± 7.8                           G > F > L
first 10 min of swimming (mW)
Metabolic rate during the                46.3 ± 4.4                 54.5 ± 7.1                    36.4 ± 4.1                           F = G = L
last 10 min of swimming (mW)
Table 1. Natator depressus, Chelonia mydas and Caretta caretta. Means ± SE for hatchling variables and post hoc Fisher LSD
multiple comparisons test between flatback (F), green (G) and loggerhead (L) hatchlings. Data for green turtle hatchlings
taken from Booth (2009). SCL: shell carapace length, SCW: shell carapace width, BT: body thickness, RFFTL: right front flipper 
total length
Pereira et al.: Swimming performance of sea turtle hatchlings
ming. Previous studies have shown that during high
physical activity, sea turtles use both aerobic and
anaerobic metabolism (Dial 1987) and that lactate
accumulation, a by-product of anaerobic metabolism,
varies among species (Milton & Lutz 2003). Green
turtle hatchlings maintain high blood lactate levels
throughout their first hours of swimming (Baldwin et
al. 1989, Milton & Lutz 2003, Hamann et al. 2007),
and loggerhead turtle hatchlings also maintain ele-
vated blood lactate concentrations, but not as high as
green turtle hatchlings (Baldwin et al. 1989, Milton &
Lutz 2003). Leatherback hatchlings have even lower
blood lactate concentrations at this time, suggesting
they use anaerobic metabolism less extensively dur-
ing the frenzy swimming phase (Milton & Lutz 2003)
in the same manner that we suspect happens in flat-
back hatchlings.
The lower overall swim thrust production of flat-
back hatchlings compared to green and loggerhead
hatchlings after 12 h of swimming appears to contra-
dict the finding that flatback hatchling swimming
activity (as measured by the proportion of time swim-
ming or not swimming) remains high throughout the
first 4 d of swimming after entering the water,
although it decreases remarkably after the first day
in other sea turtle species (Salmon et al. 2009). In -
deed, Salmon et al. (2009) questioned how, from an
energetic point of view, flatback hatchlings could
swim continuously for 4 d without showing any signs
of interest in feeding. Our study indicates that this is
possible because, although flatback hatchlings ap -
pear to swim continuously (Salmon et al. 2009), they
put relative little effort into swimming during this
time, i.e. they swim less vigorously than green and
loggerhead turtle hatchlings during the swimming
frenzy. A lower swim effort is consistent with current
ideas on dispersal movement of flatback hatchlings.
Flatback turtles are mostly endemic to the Australian
continental shelf (Walker & Parmenter 1990), with a
restricted geographical distribution, although they
have been reported outside the Australian continen-
tal shelf in the coastal waters of Kei (eastern Indone-
sia; Limpus 2008b). It has long been speculated that
species that lack an oceanic phase in their life cycle,
such as the flatback (Limpus 2008b), should have an
abbreviated frenzy swimming phase (Wyneken
1997). If flatback turtle hatchlings do not swim long
distances to meet offshore oceanic currents, there is
no need for a vigorous swimming frenzy (Wyneken
1997). Although flatback hatchlings generally use a
low thrust swim, when motivated they can reach
higher speeds than green hatchlings, with the fastest
sea turtle hatchling swimming speeds recorded to
date coming from flatback hatchlings (Salmon et al.
2010).
The ‘predation risk’ hypothesis proposes that near-
shore predation pressure influences the swimming
strategies used by sea turtle hatchlings while swim-
ming offshore (Chung et al. 2009a,b, Salmon et al.
2009). In species such as green, loggerhead and
leather back turtles, hatchlings are hypothesized to
engage in an energetically demanding swimming
frenzy immediately after entering the sea for the first
time in order to reduce the time spent in shallow
waters where there is a high density of predators
(Gyuris 1994, 2000, Booth et al. 2004, Whelan &
Wyne ken 2007, Salmon et al. 2009). Hawksbill Eret -
mochelys imbricata hatchlings, however, show a
completely different dispersal strategy, remaining
inactive on the water surface drifting passively in
currents that take them away from the shore during
the first few days after entering the water (Chung et
al. 2009a,b). This strategy is believed to use mimicry
(resembling dead leaves and other flotsam surfacing
on the water) and crypsis (resembling the surround-
ing background, such as algal mats) to avoid attract-
ing predator attention (Chung et al. 2009a,b). 
Recent studies report that differences in swimming
vigour also extend to populations within a species.
Wyneken et al. (2008) reported that loggerhead tur-
tle hatchlings derived from the southwestern coast of
Florida (USA) are more active swimmers than the
hatchlings from the southeastern coast of Florida,
des pite being part of the same genetic population.
Likewise, Chung et al. (2009a) reported a 2 d swim-
ming frenzy in green turtle hatchlings from Malaysia
in contrast to the 1 d swimming frenzy of green turtle
hatchlings from Florida. Both findings have been in -
ter preted as adaptations to different ecological de -
mands of the post-hatching environment. In the first
case, the southwestern Florida population of hatch-
ling loggerhead turtles is hypothesized to comprise
more active swimmers because they must travel far-
ther to offshore dispersing currents than the south-
eastern population (Wyneken et al. 2008). In the sec-
ond case, it was hypothesized that higher predation
pressure in waters off Malaysia results in green turtle
hatchlings having a longer frenzy swim period com-
pared to the Florida population (Chung et al. 2009a).
Hence, both inter- and intraspecific differences in
hatchling swimming behaviour might be explained
by the interaction between different ecological con-
ditions such as near-shore predation rates, distance
to offshore oceanic dispersing currents (Wyneken et
al. 2008, Chung et al. 2009a,b, Salmon et al. 2009)
and anti-predator tactics of hatchlings. Predation rate
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of sea turtle hatchlings swimming off their natal
beaches varies widely and is dependent on the sub-
strate of fringing nesting beaches (Salmon et al.
2009). Beaches in which the offshore substrate is pri-
marily sand with turbid waters have much lower pre-
dation rates than beaches that are surrounded by
coral reefs and clear water because of differences in
the density of predator fish in these habitats (Salmon
et al. 2009). Differences in predator avoidance be -
haviour may also influence swimming tactics. For ex -
ample, green turtle hatchlings are reported to show
no evasive manoeuvres when approached by a pre -
dator, their only predator defence being swimming
as fast as possible to decrease the time they are
exposed to high near-shore predator density (Gyuris
1994). In contrast, flatback hatchlings appear to be
able to detect predators and take avoidance action
(Salmon et al. 2009), and thus may not need to swim
as vigorously. If the hypothesis that sea turtle hatch-
ling swim thrust within the first few hours of entering
the water is related to the predator density in the
near-shore waters of nesting beaches is true, this
may explain why we found green turtle hatchlings to
be more vigorous swimmers compared to loggerhead
and flatback turtle hatchlings. Mon Repos beach,
where our loggerhead and flatback turtles were sam-
pled, has a low predator density, sandy substrate and
turbid water, whereas Heron Island, where our green
turtles were sampled, has a coral reef substrate with
clear water. To test this hypothesis, the swim thrust
performance of loggerhead hatchlings that emerge
from nests laid on coral cays of the south eastern Aus-
tralian population would have to be measured and
compared to that of the hatchlings from Mon Repos
reported here. The expectations would be a more
vigorous swim frenzy in loggerhead hatchlings from
coral cays than those we sampled at the Mon Repos
rookery. A few green turtles nest at the Mon Repos
rookery, so it would also be predicted that green tur-
tle hatchlings from Mon Repos would have a less vig-
orous swimming frenzy than those from Heron
Island. This hypothesis cannot be tested in flatback
turtles because no coral cay rookery is known for this
species (Limpus 2008b).
All 3 species of sea turtle hatchlings that we exam-
ined produced their highest swim thrust during the
first 2 h of swimming, a strategy designed to move
the hatchlings quickly out of the shallow predator-
rich near-shore waters (Bustard 1972, Gyuris 1994,
2000). However, subtle interspecies differences in
swimming thrust were detected after the first 2 h.
These differences in swimming behaviour are proba-
bly a result of a complex interaction between near-
shore predator density, the distance that must be
swum to reach offshore oceanic disbursing currents
and hatchling anti-predator tactics.
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INTRODUCTION
The highest rate of mortality in sea turtles is thought to occur in
embryos in the nest and/or in newly emerged hatchlings as they
crawl down the beach and swim offshore (Crouse et al., 1987). Once
the newly emerged hatchlings reach the ocean, they engage in a
frantic swim, commonly known as the ‘swim frenzy’ (Lohmann et
al., 1997). This continuous energetically demanding swim usually
lasts about 24h after emergence and quickly transports hatchlings
to offshore oceanic currents (Salmon and Wyneken, 1987; Hays et
al., 2010; Putman et al., 2010), while relying solely on their yolk
reserves (Wyneken and Salmon, 1992; Wyneken, 1997). It has been
suggested that these dispersion patterns could persist throughout
adulthood, with post-breeding adults using similar routes when
migrating from breeding areas to their distant foraging grounds
(Hays et al., 2010). During the swim frenzy, hatchlings usually
alternate between bouts of a high thrust production, lift-based
movement of the fore-flippers, the ‘power stroking’ gait, and bouts
of a lower thrust production ‘dog paddling’ gait in which alternate
movement of all four flippers in a paddle-like motion produces drag-
based thrust (Salmon and Wyneken, 1987; Wyneken and Salmon,
1992). Power stroking bouts typically last between 2 and 20s and
are interspersed with short periods of dog paddling (1–5s), when
hatchlings surface to breathe (Salmon and Wyneken, 1987; Burgess
et al., 2006; Booth, 2009) (Fig.1). Power stroke rates and oxygen
consumption are highest immediately after the hatchlings enter the
water and decline as the swim frenzy progresses (Salmon and
Wyneken, 1987; Wyneken and Salmon, 1992; Burgess et al., 2006;
Booth, 2009; Ischer et al., 2009). As power stroking bouts become
less intense, dog paddling bouts become longer and resting periods
may increase over time (Burgess et al., 2006). Booth showed that
swimming effort in green turtle Chelonia mydas (Linnaeus 1758)
hatchlings can be divided into three phases: (a) rapid fatigue, from
0 to 2h; (b) slow fatigue, from 2 to 12h; and (c) sustainable
swimming effort, from 12 to 18h (Booth, 2009). The decrease in
swimming effort is the result of a decrease in power stroke rate
during power stroking bouts, a decrease in the proportion of time
spent power stroking and a decrease in thrust produced per power
stroke (Booth, 2009). Other studies have shown that there are intra-
specific (Wyneken et al., 2008) and inter-specific (Wyneken and
Salmon, 1992; Jones et al., 2002; Jones et al., 2007) differences in
sea turtle hatchling swimming behaviour. Green turtle hatchlings
have the largest aerobic scope (ratio between oxygen consumption
at rest and oxygen consumption during maximal swimming) and
both green turtle and leatherback turtle Dermochelys coriacea
(Vandelli 1761) hatchlings consume oxygen at a higher rate than
loggerhead turtle Caretta caretta (Linnaeus 1758) hatchlings during
the swim frenzy (Wyneken, 1997). Flatback turtle Natator depressus
(Garman 1880) hatchling oxygen consumption rate during the first
hours of the frenzy swim is lower than that of green turtle but higher
than that of loggerhead turtle hatchlings (C.M.P., D.T.B. and C.J.L.,
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SUMMARY
Swimming effort of hatchling sea turtles varies across species. In this study we analysed how swim thrust is produced in terms
of power stroke rate, mean maximum thrust per power stroke and percentage of time spent power stroking throughout the first
18h of swimming after entering the water, in both loggerhead and flatback turtle hatchlings and compared this with previous data
from green turtle hatchlings. Loggerhead and green turtle hatchlings had similar power stroke rates and percentage of time spent
power stroking throughout the trial, although mean maximum thrust was always significantly higher in green hatchlings, making
them the most vigorous swimmers in our three-species comparison. Flatback hatchlings, however, were different from the other
two species, with overall lower values in all three swimming variables. Their swimming effort dropped significantly during the first
2h and kept decreasing significantly until the end of the trial at 18h. These results support the hypothesis that ecological factors
mould the swimming behaviour of hatchling sea turtles, with predator pressure being important in determining the strategy used
to swim offshore. Loggerhead and green turtle hatchlings seem to adopt an intensely vigorous and energetically costly frenzy
swim that would quickly take them offshore into the open ocean in order to reduce their exposure to near-shore aquatic predators.
Flatback hatchlings, however, are restricted in geographic distribution and remain within the continental shelf region where
predator pressure is probably relatively constant. For this reason, flatback hatchlings might use only part of their energy reserves
during a less vigorous frenzy phase, with lower overall energy expenditure during the first day compared with loggerhead and
green turtle hatchlings.
Key words: frenzy, swimming behaviour, power stroke rate, thrust, energy, hatchling sea turtle, predator.
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unpublished). Swimming speed and power stroking rates also vary
among species, with green turtle hatchlings having the highest
values, followed by loggerhead turtle hatchlings, with lowest values
in leatherback turtle hatchlings (Wyneken, 1997). Although
seemingly less active, when motivated, flatback hatchlings can be
faster swimmers than green turtles (Salmon et al., 2010), as they
seem to be able to detect predators and take avoidance action
(Salmon et al., 2009), unlike green turtle hatchlings, which keep
swimming straight ahead when approached by predators (Gyuris,
1994). Each species appears to have developed a different swimming
strategy in response to predator pressure in shallow near-shore waters
(Chung et al., 2009a; Chung et al., 2009b; Salmon et al., 2009).
Hatchings of green turtles, loggerhead turtles and leatherback
turtles engage in a frenzy swim as they enter the sea in order to
minimize the time spent in shallow water and thus decrease the
chance of encountering predators (Gyuris, 1994; Gyuris, 2000;
Booth et al., 2004; Whelan and Wyneken, 2007; Salmon et al., 2009).
Hawksbill Eretmochelys imbricata (Linnaeus 1766) hatchlings,
however, appear to use a different strategy in which they may hide
in flotsam or remain inactive to minimize detection by predators
during the first few days of off-shore dispersion (Chung et al.,
2009a). Flatback turtle hatchlings, on the other hand, appear to have
a less intensive (C.M.P., D.T.B. and C.J.L., unpublished) but more
prolonged frenzy swim period of up to 4days (Salmon et al., 2009),
although this species’ swimming behaviour is still poorly understood
(Wyneken, 1997; Salmon et al., 2009).
In this study we analysed differences in swimming behaviour
in terms of thrust production, power stroke rate during a power
stroking bout, mean maximum thrust per power stroke and the
proportion of time spent power stroking in loggerhead turtle and
flatback turtle hatchlings and compared it with previous data from
green turtle hatchlings. We hypothesized that flatback hatchlings
would have a less vigorous frenzy swim characterized by lower
power stroke rates and longer dog paddling periods because they
do not swim long distances to reach oceanic currents but instead
remain in inshore water inside the continental shelf (Limpus,
2008b).
MATERIALS AND METHODS
Study site
This research conforms with Australian Animal Welfare laws and
was approved by a University of Queensland Animal Ethics
Committee (approval no. SBS/481/09).
We conducted this study at Mon Repos Conservation Park
(24°48S, 152°27E), the largest and best monitored turtle rookery
on the east coast of the Australian mainland (Pfaller et al., 2008).
This rookery typically has 200–300 loggerhead turtle (C. caretta)
females and 5–10 flatback turtle (N. depressus) females nesting each
nesting season (Limpus et al., 1984; Limpus and Limpus, 2003;
Limpus, 2008a; Limpus, 2008b).
Evaluation of swimming behaviour
Newly emerged loggerhead and flatback turtle hatchlings were
collected between 5 January and 11 February 2010. We monitored
nests for emergence throughout the night, and when an emergence
event occurred, a single hatchling from a nest was captured and
transported dry in a bucket to the laboratory. This process took
between 10 and 15min and during transport hatchlings crawled
around inside the bucket, a behaviour similar to a wild hatchling
crawling down the beach towards the sea.
Swimming behaviour was measured during the first 18h of
swimming by a previously published method (Booth, 2009).
Briefly, hatchlings were placed in a tank (34cm long  28cm
wide  19cm high) filled with 16cm of 28°C seawater, the
average offshore water temperature at Mon Repos (28±1°C)
(Bennett, 1986). The tank was painted black except on one side,
where a low intensity light was placed to induce directional
swimming. The hatchling was fitted with a lycra harness with an
attached monofilament tether, connected to a force transducer to
measure thrust produced during swimming (MLT050
ADInstruments, Colorado Springs, CO, USA). The force
transducer was connected to a bridge amplifier (ML112
ADInstruments) and the output of the bridge amplifier recorded
via a data acquisition system (Power Lab 8/20 using LabChart
v6.0 software, ADInstruments). Thrust was sampled at 40Hz. The
length of the tether was adjusted so that the hatchling could swim
freely without touching the walls or bottom of the tank. The force
transducer was calibrated before and after each swimming trial
by suspending a known mass from the force transducer. Water
temperature in the tank was monitored by a thermocouple
converter (SMCJ-T Omega.com, Omega Engineering Inc.,
Stamford, CT, USA). Mean thrust, mean stroke rate per power
stroking bout and proportion of time spent power stroking were
calculated for each individual hatchling turtle, using LabChart
v6.0, at 10min intervals throughout the entire 18h period of
swimming. All results were confirmed manually and corrected if
necessary. In addition, the mean maximum thrust produced in
each power stroking bout was also determined for each hatchling
by scanning the raw data and calculating the mean between peaks
of overall thrust (Fig.1) at 10min intervals. Change points were
calculated in R (www.r-project.org) with the methods of CUSUM
and Segmented Linear Models to estimate when there was a
significant change in swimming behaviour.
Statistical analysis
Data of green turtle hatchlings from a previous study (Booth, 2009)
were included to enable comparisons across three species. Repeated
measures ANOVA were used to assess the effect of time and species
on mean thrust production, stroke rate during a power stroking bout,
mean maximum thrust per power stroking bout and repeated
measures ANOVA after an arcsin transformation used to compare
the proportion of time spent power stroking. For all four variables,
a Tukey post hoc test for uneven sample sizes was used for cross-
species comparisons at four different times: the first 10min
(0–10min), at 2h (1h 50min to 2h), at 12h (11h 50min to 12h)
and the last 10min (17h 50min to 18h) of the swimming trial.
Statistical significance was assumed if P<0.05.
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Fig.1. Sample of thrust produced by green turtle hatchlings during
swimming (modified from Booth and Evans, 2011), showing the power
stroking and dog paddling behaviours. The dashed line represents the
mean maximum thrust per power stroke.
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RESULTS
A total of 28 hatchlings were swum: 15 loggerhead turtles and 13
flatback turtles; data from 5 green turtle hatchlings collected by
Booth (Booth, 2009) were also included for comparison. Hatchlings
swam no more than a centimetre below the surface, a behaviour
that has been described as typical during the off-shore swimming
of hatchling sea turtles, probably to reduce surface drag (Hays et
al., 2001) and minimize their visibility to aerial predators
(Witherington and Salmon, 1992; Hays, 2001). The change point
analysis did not accurately distinguish the exact 10min period when
the rate of change of a variable occurred because of individual
variation, so we report such changes in terms of a range of time
periods when these transitions were made.
Mean thrust production
Mean thrust production decreased with swimming time in all three
species (P<0.001) and was significantly different between species
(P<0.001). The pattern of change of mean thrust production was
similar in green turtle and loggerhead turtle hatchlings: a relatively
rapid decline in mean thrust during the first 2h, followed by a more
gradual decline with significant changes between 5 and 8h and
between 10 and 12h, after which mean thrust remained relatively
constant (Fig.2A). In flatback turtle hatchlings, mean thrust declined
relatively rapidly during the first 2h, and then continued to decrease
at a moderate rate until the trial ended at 18h (Fig.2A). Mean thrust
production was similar in green and flatback turtle hatchlings but
greater than that in loggerhead turtle hatchlings during the first
10min of swimming. At 2h, mean thrust was greatest in green turtles,
intermediate in flatback turtles and lowest in loggerhead turtles. At
12h, green turtles still maintained the greatest mean thrust, while
the thrust of flatback turtles had fallen to a level similar to that of
loggerhead turtles, and by 18h green turtles remained the strongest
thrust generators, followed by loggerhead turtles, with flatback
turtles now producing the lowest thrust (Fig.2A).
Power stroke rate during a power stroking bout
Power stroke rate during a power stroking bout decreased with
swimming time (P<0.001) and was significantly different between
species (P<0.001), with loggerhead and green turtles having similar
power stroking rates throughout the entire 18h trial (Fig.2B). The
magnitude and pattern of the decrease in power stroke rate was
almost identical in green and loggerhead turtle hatchlings: a rapid
decrease in the first 2h, followed by a slower decrease until 8–12h,
with stroke rate then remaining relatively constant until the end of
the trial (Fig.2B). Power stroke rate of flatback turtle hatchlings
was lower than that of green and loggerhead turtle hatchlings
throughout the swimming trial, and decreased at a relatively rapid
rate during the first 4h of swimming, before remaining relatively
constant for the last 14h of the 18h swimming trial (Fig.2B).
Mean maximum thrust per power stroke
Mean maximum thrust per power stroke decreased with swimming
time (P<0.001) and was significantly different between species
(P<0.001). The pattern of change in mean maximum thrust with
time was similar in green and loggerhead hatchlings, with a gradual
decrease for the first 10–12h, after which it remained relatively
constant (Fig.2C). However, maximum thrust for green turtles was
approximately twice that of loggerhead turtles (Fig.2C). Mean
maximum thrust of flatback turtle hatchlings decreased rapidly
during the first 2h of swimming, continued to decrease gradually
until 10–12h and then remained relatively constant (Fig.2C). Mean
maximum thrust was significantly lower for flatback turtle hatchlings
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than for both green and loggerhead turtle hatchlings from 4 to 
18 h.
Proportion of time spent power stroking
The proportion of time spent power stroking remained relatively
constant throughout the 18h swimming trial in loggerhead turtle
hatchlings (mean 85%, range 72–89%) and decreased slightly from
85% to 70% over the 18h swimming trial in green turtle hatchlings,
but there was no significant difference between loggerhead and green
turtle hatchlings (Fig.2D). In green turtle hatchlings, the decrease
from 85% to 70% occurred between 10 and 12h (Fig.2D). The
proportion of time spent power stroking by flatback hatchlings
decreased from 80% to 50% in the first 2h of swimming, with
another significant change around 10–12h (decrease from 50% to
30%), from which it continued to decrease slowly until it reached
just 20% by the end of the swimming trial (Fig.2D).
DISCUSSION
The method used to assess the swimming effort in this study has
been used before on hatchling sea turtles and is a good estimate of
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Fig.2. Change in swimming variables with swimming time during the first
18h of the frenzy swim of green (Chelonia mydas), loggerhead (Caretta
caretta) and flatback (Natator depressus) turtle hatchlings swum in
seawater at 28°C. (A)Mean thrust. (B)Power stroke rate during a power
stroking bout. (C)Mean maximum thrust per power stroke. (D)Proportion of
time spent power stroking.
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the free-swimming behaviour (Wyneken, 1997). Despite the
generally similar pattern of decrease in mean swim thrust with time
in green, loggerhead and flatback turtle hatchlings, there were
differences in the swimming behaviour of flatback turtle hatchlings
compared with that of loggerhead and green turtle hatchlings.
Loggerhead and green turtle hatchlings
Loggerhead hatchling swimming behaviour during the first 18h of
the swim frenzy is similar to that reported by Booth for green turtle
hatchlings (Booth, 2009), in that it can be divided into three, possibly
four, distinct phases: rapid fatigue (0–2h), slow fatigue (2–12h,
possibly divided into a block between 5 and 8h and another between
10 and 12h) and sustainable effort (12–18h). There were no
significant differences in either power stroke rate during a power
stroking bout or the proportion of time spent power stroking over
the entire 18h swimming trial between green and loggerhead turtle
hatchlings (Fig.2B,D), but there was a difference in mean maximum
thrust (Fig.2C). During the rapid and slow fatigue phases, decreased
swimming effort in both species was caused by decreases in both
stroke rate and mean thrust per stroke, but the percentage of time
spent power stroking remained relatively constant. The pattern of
decrease in mean maximum thrust with swimming time was also
very similar in green and loggerhead turtle hatchlings, although green
turtle hatchlings always had a maximum thrust that was twice that
of loggerhead turtles (Fig.2C) and, consequently, mean thrust of
green turtle hatchlings was also twice that of loggerhead turtle
hatchlings (Fig.2A). Wyneken has shown that green and loggerhead
turtle hatchlings have the same flipper movement while power
stroking and dog paddling (Wyneken, 1997); therefore, the
differences in swim thrust cannot be attributed to differences in
swimming pattern. We believe these differences are related to fore-
flipper size. Green turtle hatchlings from Heron Island are larger in
size and have a larger front-flipper total length (FTL) to straight
carapace length (SCL) ratio (0.97, D.T.B., unpublished), compared
with loggerhead hatchlings from Mon Repos (0.93, C.M.P., D.T.B.
and C.J.L., unpublished). The higher swim speed of green turtle
hatchlings (Wyneken, 1997) could also be a consequence of these
differences in morphology.
Flatback turtle hatchlings
Flatback turtle hatchlings have different swimming attributes from
those of green and loggerhead turtle hatchlings. Although also
showing the largest decrease in swimming effort within the first 2h
of entering the water, the swimming effort of flatback turtle
hatchlings, unlike that of green and loggerhead turtles, continued
to decrease throughout the 18h swimming trial. The decrease in
swimming effort during the first 2h was also much sharper than
that of green and loggerhead turtle hatchlings. In flatback turtle
hatchlings, the decrease in swimming effort was caused by decreases
in all three swimming variables: power stroking rate, mean
maximum thrust per stroke and percentage of time spent power
stroking; as in green and loggerhead turtle hatchlings, the proportion
of time spent power stroking did not change much during the 18h
swimming trial. Compared with that of green and loggerhead turtle
hatchlings, flatback turtle hatchling stroke rate during a power
stroking bout was much lower (Fig.2B), less time was spent power
stroking (Fig.2D), and their maximum thrust per power stroke,
although starting high, rapidly decreased during the first 2h of
swimming (Fig.2C). Flatback turtle hatchling mean FTL is
4.76±0.05cm (C.M.P., D.T.B. and C.J.L., unpublished), with a body
ratio FTL/SCL of 0.8, which is lower than that of green and
loggerhead turtle hatchlings and may explain why flatback
hatchlings have a relative low maximum thrust per power stroke.
Salmon and colleagues showed that flatback hatchlings spend their
entire first day swimming and that the proportion of time spent
swimming only falls slightly during the next 3days (Salmon et al.,
2009), implying that flatback turtle hatchlings might have a greater
and more sustained frenzy swim than green or loggerhead turtle
hatchlings. However, the older technology used in their study
(Salmon et al., 2009) only allowed them to detect whether a hatchling
was swimming or not swimming, and could not detect the thrust
produced during swimming, or the proportion of time spent power
stroking or dog paddling. The current study also found that flatback
hatchlings swim close to 100% of the time during the first day, but
although the turtles remained continuously active, the swimming
effort decreased remarkably, and the proportion of time spent power
stroking decreased and the proportion of time spent dog paddling
increased dramatically during this time.
Ecological interpretation
These results support the hypothesis posed initially that flatback
hatchlings would have a different swimming behaviour from that
of green and loggerhead turtles because of their different life-history
pattern. Flatback turtles do not have an oceanic phase and this might
be the reason for the shorter period of vigorous swimming during
their dispersion. A short vigorous spurt might be enough to allow
the hatchlings to escape the presumed higher predation pressure of
the shallow near-shore waters and, once this is achieved, a more
relaxed swimming effort suffices. According to the ‘predation risk
hypothesis’ (Chung et al., 2009a; Chung et al., 2009b), species like
the green and loggerhead turtle are expected to have a change in
swimming behaviour as they leave shallow near-shore waters and
enter deeper off-shore waters, given the predation pressure adjacent
to the natal beach is likely to be much higher than the predation
pressure off-shore in oceanic currents where hatchlings spend the
next few years of their life (Salmon et al., 2009). The dramatic drop-
off in swimming effort in the first 2h (this study), followed by further
decreases in swim effort over the next week (Wyneken and Salmon,
1992) by green and loggerhead turtle hatchlings is consistent with
this hypothesis. In species like the flatback turtle, where the
predation pressure off the natal beach is thought to be similar to
that in near-shore waters, the predation hypothesis predicts little
change in sea turtle hatchling swimming behaviour (Salmon et al.,
2009). The finding that the proportion of time that flatback hatchlings
spend swimming changes little over the first 4days of swimming
supports this hypothesis (Salmon et al., 2009). However, in this study
we found that, although swimming is continuous during the first
18h after entering the water, as previously suggested, swimming
effort decreases dramatically during the first 2h and continues to
decrease during the following 16h, which is consistent with the
predation hypothesis if the predation pressure on flatback hatchlings
is highest immediately adjacent to the nesting beach. Further studies
on predation rates of flatback turtle hatchlings during the off-shore
dispersion phase are encouraged, in order to confirm the importance
of the predation hypothesis in shaping their swimming behaviour.
The lower overall swimming effort of flatback turtle hatchlings,
along with the possibility of bigger yolk reserves as a consequence
of a bigger body mass (Walker and Parmenter, 1990), suggests that
flatback turtles could survive without feeding for a longer period
of time than either green or loggerhead hatchlings. Indeed, flatback
hatchlings confined to pools do not show any interest in feeding
during the first 4days in the water, unlike loggerhead and green
hatchlings, which start feeding after 2–3days (Salmon et al., 2009).
The ability to have a prolonged fasting period may also be
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advantageous for flatback hatchlings because they live in turbid
shallow waters where visibility is generally low (Salmon et al., 2009;
Salmon et al., 2010), and the search for food while avoiding predator
encounters could be challenging.
In conclusion, loggerhead and green turtle hatchlings have very
similar frenzy swim behaviour, one that rapidly takes them away
from high predation near-shore waters into off-shore oceanic
currents. Although flatback turtle hatchlings have a seemingly
similar frenzy swim pattern to that of loggerhead and green turtle
hatchlings, their swimming effort decreases more dramatically in
the first 2h and continuously decreases for at least 16h. This decrease
in swimming effort is probably associated with their shorter off-
shore dispersion and management of their energy reserves, as finding
food may be more difficult in the turbid waters of their post-hatch
habitat.
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Summary
Natal dispersal of sea turtles is an energetically demanding
activity that is fuelled primarily by aerobic metabolism.
However, during intense exercise reptiles can use anaerobic
metabolism to supplement their energy requirements. We
assessed anaerobic metabolism in dispersing hatchling
loggerhead and flatback turtles by measuring the
concentrations of blood lactate during crawling and at
different times during the first four hours of their frenzy
swim. We also measured concentrations of blood glucose and
corticosterone. Blood lactate (12.13 to 2.03 mmol/L), glucose
(6.25 to 3.8 mmol/L) and corticosterone (8.13 to 2.01 ng/mL)
concentrations decreased significantly over time in both
loggerhead and flatback hatchlings and no significant
differences were found between the species. These results
indicate that anaerobic metabolism makes a significant
contribution to the dispersal phase of hatchling sea turtles
during the beach crawl and the first few hours of the frenzy
swim.
 2012. Published by The Company of Biologists Ltd. This is
an Open Access article distributed under the terms of the
Creative Commons Attribution Non-Commercial Share Alike
License (http://creativecommons.org/licenses/by-nc-sa/3.0).
Key words: Swimming frenzy, Anaerobic metabolism, Glucose,
Lactate, Corticosterone, Sea turtle, Hatchling
Introduction
Once they emerge from their nest, sea turtle hatchlings frantically
crawl down the beach towards the sea and then engage in a frenzy
swim, which rapidly takes them off-shore to reach oceanic
currents (Bustard, 1972; Salmon and Wyneken, 1987). During
this period hatchlings face high near-shore predator pressure that
decreases as they move further offshore (Gyuris, 1994; Gyuris,
2000; Salmon et al., 2009; Whelan and Wyneken, 2007). Reptiles
such as sea turtles have a limited aerobic capacity (Bennett,
1978) and during intensive exercise they supplement their energy
requirements with anaerobic metabolism (Bennett, 1982) with a
subsequent production and accumulation of lactate (Gleeson,
1996). Studies on the natural history and physiology of nest
emergence, beach crawl and the off-shore frenzy swimming
dispersal of hatchling sea turtles indicate that these processes are
extremely vigorous and energy demanding (Wyneken and
Salmon, 1992; Wyneken, 1997; Booth, 2009; Pereira et al.,
2012). Although primarily fuelled by aerobic metabolism
(Wyneken, 1997; Booth, 2009; Pereira et al., 2012), tissue
lactate concentrations increase during these activities indicating
that anaerobic metabolism also plays a major role at this time
(Dial, 1987; Baldwin et al., 1989; Hamann et al., 2007).
Sea turtle hatchlings typically exhibit frantic swimming
behaviour when they first enter the water, but this decreases in
the first few hours before they settle into a sustained swimming
effort for up to 24 hours (Wyneken and Salmon, 1992; Wyneken,
1997; Booth, 2009; Pereira et al., 2011; Pereira et al., 2012).
However, the intensity of swimming varies between species
(Wyneken and Salmon, 1992; Pereira et al., 2011). Green turtle
(Chelonia mydas) hatchlings are the most vigorous swimmers
followed by loggerhead turtle (Caretta caretta) hatchlings, with
flatback turtle (Natator depressus) and leatherback turtle
(Dermochelys coriacea) hatchlings being less vigorous
(Wyneken and Salmon, 1992; Pereira et al., 2011; Pereira et
al., 2012). These differences in swimming intensity are expected
to be reflected in differences in the use of anaerobic metabolism
and therefore differences in blood lactate concentrations.
In reptiles, aerobic and anaerobic metabolism is influenced by
steroid hormones, which control metabolic processes (Nelson, 2005;
Neave, 2008). Glucocorticoid hormones influence physiological
processes such as lipolysis, gluconeogenesis, lactate release from
muscles (Neave, 2008) and increases in blood glucose concentration
(Munck and Koritz, 1962). Glucocorticoids are involved in
adjusting physiological process in response to environmental cues
particularly in animals that undergo seasonal changes as part of their
life history, such as migration, breeding and hibernation (McEwen
and Wingfield, 2003). Emerging from a nest, crawling down the
beach then entering a frantic swimmay be a series of events that are
influenced to some degree by glucocorticoids (Hamann et al., 2007).
In reptiles, corticosterone (B) is one of the major glucocorticoids
produced (Nelson, 2005) and is known to vary in concentration at
different stages of sea turtle life history including the natal dispersal
phase (Hamann et al., 2002; Hamann et al., 2005; Hamann et al.,
2007). Hence, as with blood lactate concentrations, the patterns of
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exercise activity exhibited by sea turtle hatchlings are expected to
result in changes in blood corticosterone concentration.
In this study we investigate blood lactate, glucose and
corticosterone concentration in hatchling turtles through the
beach crawl and early frenzy swim to test the hypothesis that
these parameters will vary in a systematic way with the varying
exercise intensity of different species. In particular, we predict
that loggerhead turtles experience intermediate changes in these
physiological variables as a result of their moderate swimming
effort and that flatback hatchlings experiences the smallest
changes because of their relative low swimming effort (Pereira et
al., 2011; Pereira et al., 2012). This is the first study to report data
regarding changes in concentrations of blood lactate, glucose and
cortiosterone in flatback hatchling turtles and data regarding
glucose and corticosterone concentrations in loggerhead
hatchling turtles during the early stages of the dispersal phase.
Materials and Methods
Study site
This study was conducted at Mon Repos Conservation Park (24 4˚8S, 152 2˚7E),
located on the east coast of the Australian mainland (Pfaller et al., 2009). Annual
nesting of loggerhead (Caretta caretta) and flatback (Natator depressus) turtles
occur every year at this rookery (Limpus et al., 1984; Limpus and Limpus, 2003;
Limpus, 2007; Limpus, 2008).
Terrestrial and swimming activities
Data collection took place between the 21st January and the 18th February 2011.
The beach was patrolled throughout the night to monitor nests of loggerhead and
flatback turtles. When hatchlings were found emerging from a nest, a total of 18
hatchlings were collected from the nest and transported dry to the laboratory in a
bucket lined with sand, a process that took around 15 minutes. During this
transport time hatchlings were actively crawling around inside the bucket, a
behaviour that is similar to their terrestrial movement from the nest to the sea.
Each trial consisted of one terrestrial treatment (crawling) and five swimming
treatments (15 minutes, 30 minutes, 1 hour, 2 hours and 4 hours). We did not
collect blood at emergence because it was difficult to sample on the beach. Once in
the laboratory three hatchlings were sampled for blood and classified as a
‘crawling’ treatment. The remaining 15 hatchlings were allocated to the swimming
treatments. Each hatchling was placed in a separate tank (34 cm long628 cm
wide619 cm high) filled with 16 cm of sea water at ambient temperature (25–
28 C˚) and a low intensity light was placed at one end of the tank to encourage
unidirectional swimming. Each hatchling was fitted with a lycra harness attached
to a monofilament tether that was fixed to a wooden stake attached to the top of the
tank. The tether length was adjusted so that hatchlings could swim freely but could
not touch the sides or bottom of the tank. The stretched tether provided resistance
to forward motion that encouraged continuous swimming. At the end of each
sampling period three hatchlings had a blood sample taken and were then released
into the ocean.
Measurement of blood variables
A 200–300 ml blood sample was collected from a branch of the jugular vein using
a 27 gauge needle and 1 ml heparinized syringe following the method of Bennett
(Bennett, 1986). Blood lactate and glucose concentrations were immediately
analysed with an I-STAT one Blood Analyzer (Heska, Colorado USA) using GC4+
and 6+ cartridges (Abbott Laboratories, USA), respectively. The remaining blood
was centrifuged to separate the blood cells (discarded) from the plasma that was
preserved at 210 C˚ until later analysis of corticosterone. Plasma corticosterone
was analysed by radioimunoassay (RIA) as described in Bradley using a 10 ml
sample (Bradley, 1987; Bradley, 1990). Corticosterone standards ranged from 0 to
1000 pg and standards were made up in methanol using corticosterone purchased
from Sigma Chemical Co, USA. Radiolabelled corticosterone ([1,2,6,7-3H(N)]
corticosterone) was purchased from PerkinElmer NEN Radiochemicals, USA and
20,000 dpm was added to both standards, samples and external controls. A
standard curve was plotted using AssayZap software (Biosoft, Cambridge, UK).
The intra- and inter- assay coefficients of variation were 8.4 and 7.1% respectively.
The assay sensitivity was 10 pg.
Statistical analysis
Blood concentrations of corticosterone, lactate and glucose were analysed using a
MANOVA, followed by a Repeated Measures ANOVA (each clutch was
considered as just one individual that was sampled repeatedly over time).
Results were reported as means 6 SE and statistical significance assumed if
P,0.05.
Results
A total of 132 loggerhead hatchlings and 79 flatback hatchlings
had blood samples taken although there was not enough blood in
some samples to perform measurements on all three variables
(Table 1). Lactate and corticosterone blood concentration data
were log transformed to comply with the statistical assumptions
of normality and homoscedasticity before statistical analysis. The
MANOVA analysis revealed significant differences between all
variables (P,0.01). The Repeated Measures ANOVA showed
significant differences over time but not between species and
with the exception of lactate there were no species*time
interactions (Table 2).
Loggerhead turtle hatchling blood lactate, glucose and
corticosterone concentration decreased significantly with time
from crawling until trials ended after 4 hours of swimming
(Table 2; Fig. 1). Most of these decreases in concentration
occurred between crawling and two hours of swimming (Fig. 1).
Flatback turtle hatchlings had a similar pattern, with blood
concentrations of all variables decreasing throughout time
(Table 2), although there was a slight increase in blood lactate
after 1 hour of swimming (Fig. 1) and this was the cause of the
interaction between species and time for this variable.
Discussion
Our results show that flatback and loggerhead turtle hatchlings
have a similar use of anaerobic metabolism as indicated by the
similar patterns of change in blood lactate concentration. In both
species, anaerobic metabolism decreased with time but the use of
anaerobic metabolism persisted for longer in flatback turtle
hatchlings than in loggerhead hatchlings. Dial (loggerhead
turtles), Baldwin et al. (loggerhead and green turtles) and
Hamann et al. (green turtles) have reported lactate
concentrations at different times during the beach crawl and
early stages of the frenzy swim in hatchling sea turtles (Dial,
1987; Baldwin et al., 1989; Hamann et al., 2007). Although all
studies indicate anaerobic metabolism plays an important role
during this period, results differ between studies due to
differences in methodology and species. Dial and the current
study found lactate to be highest after the beach crawl (Dial,
1987), while Baldwin et al. found lactate continued to accumulate
in blood when hatchlings swam across the reef flat (Baldwin et
al., 1989). Baldwin et al. reported a fall in blood lactate in
hatchlings swum in an aquarium because they power-stroked
only briefly and remained mostly on the surface with the head
above the water, and for loggerhead turtles blood lactate
concentration was just 1.7 mmol/L after 15 minutes of
‘swimming’ in the aquarium (Baldwin et al., 1989). In the
current study, however, hatchlings swam almost continuously as
they were tethered and could not touch the sides or bottom of the
swimming container and loggerhead hatchling blood lactate
concentration was four times greater averaging 6.9 mmol/L after
15 minutes of swimming. Baldwin et al. found that blood lactate
concentrations peaked at ,13 mmol/L after 15 minutes of
swimming across the reef flat and that they were greater in
green turtle hatchlings than in loggerhead turtle hatchlings
(Baldwin et al., 1989). In contrast, Hamann et al. found blood
lactate concentrations in green turtle hatchlings to be only
4.5 mmol/L after 30 minutes of swimming but to be extremely
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high (24 mmol/L) after two hours of swimming (Hamann et al.,
2007). The pattern of blood lactate concentration change reported
for green turtle hatchlings reported in Hamann et al. (Hamann et
al., 2007) is unexpected because green turtle hatchlings generally
decrease their swimming effort as the time spent swimming
increases (Burgess et al., 2006; Booth, 2009; Ischer et al., 2009;
Booth and Evans, 2011).
As expected, blood lactate concentrations of loggerhead
hatchlings were lower than those reported for green turtle
hatchlings, which is consistent with the less vigorous swimming
behaviour of loggerhead hatchlings compared to green turtle
hatchlings (Pereira et al., 2011; Pereira et al., 2012). We also
expected blood lactate concentrations of flatback turtle hatchlings
to be lower than loggerhead turtle hatchlings because they are
less vigorously swimmers (slower power-stroke rate and less
frequent power-stroking bouts) (Pereira et al., 2011). However,
this was not the case, as lactate concentration was not
significantly different between the species during the beach
crawl and first hour of swimming. Indeed, contrary to our
expectation, from two hours onward blood lactate concentration
in flatback hatchlings increased slightly although it continued to
decrease in loggerhead hatchlings. A possible explanation for this
increase in blood lactate concentration of flatback hatchlings may
be that lactate is being released from the muscles to the blood,
which will then be transported to the liver and converted back
into glucose (gluconeogenesis), either for immediate use or to be
stored as glycogen.
The fact that anaerobic metabolism in flatback hatchlings is
similar or even exceeds that of loggerhead hatchlings, but
swimming effort is relatively lower in flatback hatchlings
(Pereira et al., 2011), suggests that it is the aerobic component
of flatback hatchling swimming effort that is relatively lower
compared to loggerhead hatchlings. This hypothesis is supported
by the finding that aerobic metabolism of flatback turtles
decreases much more sharply than in loggerhead turtle
hatchlings within the first two hours of swimming (Pereira et
al., 2012).
The pattern of changes in the concentrations of glucose and
corticosterone seems to reflect the changes in blood lactate
concentration. Both aerobic and anaerobic muscle metabolisms
are fuelled by glucose and during heavy exercise glucose is
mobilised from glycogen stores in the liver. During prolonged
exercise liver glycogen stores become depleted and other sources
of fuel such as lipid and proteins are gradually mobilised
(Brooks, 1987; Horowitz and Klein, 2000; Hamann et al., 2007).
Hence in loggerhead and flatback turtle hatchlings elevated
concentrations of corticosterone during crawling and early
swimming are correlated with glucose being released from the
liver and a consequent increase in blood glucose concentration.
Subsequently blood glucose concentration falls as the liver
glycogen stores are depleted.
Ecological interpretation
The ‘predation risk’ hypothesis suggests that offshore swimming
behaviour of hatchling sea turtles is moulded by the interaction of
three factors that contribute to survivorship: predator pressure in
near-shore waters, swimming distance to oceanic currents and
hatchling size (Chung et al., 2009; Salmon et al., 2009). Green
turtle hatchling swimming behaviour is more vigorous than that
of loggerhead and flatback hatchlings (Pereira et al., 2011;
Pereira et al., 2012), which indicates a strategy moulded
primarily by the need for a rapid escape from near shore
predator rich waters (Gyuris, 1994). Loggerhead turtle hatchlings
swimming behaviour is similar to but not as vigorous as green
turtle hatchlings (Pereira et al., 2011; Pereira et al., 2012;
Wyneken, 1997), which suggests that is also primarily moulded
Table 1. Sample size for each measured variable at each sampling time for data reported in Fig. 1. Numbers in brackets indicate
number of clutches represented in sample.
Species and sampling time Blood lactate concentration Blood glucose concentration Blood corticosterone concentration
Loggerhead
crawl 20 (8) 12 (7) 23 (8)
15-minute swim 21 (8) 13 (7) 22 (8)
30-minute swim 16 (8) 10 (7) 19 (8)
1-hour swim 21 (8) 15 (7) 23 (8)
2-hour swim 20 (8) 8 (7) 22 (8)
4-hour swim 18 (8) 10 (7) 20 (8)
Flatback
crawl 10 (4) 11 (5) 13 (5)
15-minute swim 7 (4) 5 (5) 10 (5)
30-minute swim 8 (4) 9 (5) 10 (5)
1-hour swim 8 (4) 8 (5) 13 (5)
2-hour swim 6 (4) 6 (5) 12 (5)
4-hour swim 8 (4) 9 (5) 14 (5)
Table 2. Results of Repeated Measure ANOVAs for differences in blood lactate, glucose and corticosterone concentration in
loggerhead and flatback turtle hatchlings and across time intervals. F5F value, P5probability.
Factor Blood lactate Blood glucose Blood corticosterone
Species F(1,1) 1.17 0.45 2.15
Species P 0.31 0.53 0.20
Time F(1,5) 11.9 8.10 3.98
Time P ,0.001 ,0.001 ,0.001
Species*time F(1,5) 2.70 0.60 2.48
Species*time P 0.03 0.70 0.06
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by a need to rapidly escape predator rich near shore waters.
Flatback hatchlings, however, experience a sharper decrease in
their swim effort and aerobic metabolism within the first two
hours of the swimming frenzy (Pereira et al., 2011; Pereira et al.,
2012) and they maintain a similar level of swimming activity for
the first four days after entering the water (Salmon et al., 2009).
Our results do not allow us to make strong inferences about the
role of anaerobic metabolism on dispersal strategies but it
supports the idea that near-shore predation pressure is a potential
driver for the frantic and energetically expensive swimming
effort typical of the initial stages of the frenzy swim.
In summary the current study and previous studies (Dial, 1987;
Baldwin et al., 1989; Hamann et al., 2007) indicate anaerobic
metabolism is used extensively during the beach crawl and at least
the beginning of the frenzy swim during natal dispersal of sea turtle
hatchlings. The additional use of anaerobic metabolism allows
hatchlings to maximize their physical activity and thus minimises
the time they spend on the beach and in the shallow near-shore
waters where predators are in their highest concentration.
Acknowledgements
This research conforms to Australian Animal Welfare laws and was
approved by a University of Queensland Animal Ethics Committee
(approval no. SBS/228/10). We thank Christina Burger, the Mon
Repos Conservation Park staff and volunteers and the DERM Turtle
Conservation Volunteers for the help provided during the field work.
This study was co-financed by the European Social Fund (ESF) and
Fundac¸a˜o para a Cieˆncia e a Tecnologia (FCT) as part of a doctoral
scholarship [SFRH/BD/44139/2008 to C.M.P.].
Competing Interests
The authors have no competing interests to declare.
References
Baldwin, J., Gyuris, E., Mortimer, K. and Patak, A. (1989). Anaerobic metabolism
during dispersal of green and loggerhead hatchlings. Comp. Biochem. Physiol. 94A,
663-665.
Bennett, A. F. (1978). Activity metabolism of the lower vertebrates. Annu. Rev. Physiol.
40, 447-469.
Bennett, A. F. (1982). The energetics of reptilian activity. In Biology Of The Reptilia
(ed. C. Gans and F. H. Pough), pp. 155-199. London; New York: Academic Press.
Bennett, J. M. (1986). A method for sampling blood from hatchling loggerhead turtles.
Herpetol. Rev. 17, 43.
Booth, D. T. (2009). Swimming for your life: locomotor effort and oxygen
consumption during the green turtle (Chelonia mydas) hatchling frenzy. J. Exp.
Biol. 212, 50-55.
Booth, D. T. and Evans, A. (2011). Warm water and cool nests are best. How global
warming might influence hatchling green turtle swimming performance. PLoS ONE 6,
e23162.
Bradley, A. J. (1987). Stress and mortality in the red-tailed phascogale, Phascogale
calura (Marsupialia: Dasyuridae). Gen. Comp. Endocrinol. 67, 85-100.
Bradley, A. J. (1990). Failure of glucocorticoid feedback during breeding in the male
red-tailed phascogale Phascogale calura (Marsupialia: Dasyuridae). J. Steroid
Biochem. Mol. Biol. 37, 155-163.
Brooks, G. A. (1987). Amino acid and protein metabolism during exercise and recovery.
Med. Sci. Sports Exerc. 19 Suppl, S150-S156.
Burgess, E. A., Booth, D. T. and Lanyon, J. M. (2006). Swimming performance of
hatchling green turtles is affected by incubation temperature. Coral Reefs 25, 341-349.
Bustard, R. (1972). Sea Turtles: Natural History And Conservation, p. 220. London;
Sydney: Collins.
Chung, F. C., Pilcher, N. J., Salmon, M. and Wyneken, J. (2009). Offshore migratory
activity of hawksbill turtle (Eretmochelys imbricata) hatchlings, I. Quantitative
analysis of activity, with comparisons to green turtles (Chelonia mydas). Chelonian
Conservation and Biology 8, 28-34.
Dial, B. E. (1987). Energetics and performance during nest emergence and the hatchling
frenzy in loggerhead sea turtles (Caretta caretta). Herpetologica 43, 307-315.
Gleeson, T. T. (1996). Post-exercise lactate metabolism: a comparative review of sites,
pathways, and regulation. Annu. Rev. Physiol. 58, 565-581.
Gyuris, E. (1994). The rate of predation by fishes on hatchlings of the green turtle
(Chelonia mydas). Coral Reefs 13, 137-144.
Gyuris, E. (2000). The relationship between body size and predation rates on hatchlings
of the green turtle (Chelonia mydas): is bigger better? In Sea Turtles Of The Indo-
Pacific: Research, Management & Conservation (ed. N. Pilcher and G. Ismail), pp.
143-147. London: ASEAN Academic Press.
Hamann, M., Jessop, T., Limpus, C. and Whittier, J. (2002). Interactions among
endocrinology, seasonal reproductive cycles and the nesting biology of the female
green sea turtle. Mar. Biol. 140, 823-830.
Hamann, M., Jessop, T. S., Limpus, C. J. and Whittier, J. M. (2005). Regional and
annual variation in plasma steroids and metabolic indicators in female green turtles,
Chelonia mydas. Mar. Biol. 148, 427-433.
Hamann, M., Jessop, T. S. and Scha¨uble, C. S. (2007). Fuel use and corticosterone
dynamics in hatchling green sea turtles (Chelonia mydas) during natal dispersal. J.
Exp. Mar. Biol. Ecol. 353, 13-21.
Horowitz, J. F. and Klein, S. (2000). Lipid metabolism during endurance exercise. Am.
J. Clin. Nutr. 72 Suppl, 558S-563S.
Ischer, T., Ireland, K. and Booth, D. T. (2009). Locomotion performance of green
turtle hatchlings from the Heron Island Rookery, Great Barrier Reef. Mar. Biol. 156,
1399-1409.
Limpus, C. J. (2007). A Biological Review Of Australian Marine Turtles. 5. Flatback
Turtle Natator Depressus (Garman). Brisbane: Queensland Government.
Limpus, C. J. (2008). A Biological Review Of Australian Marine Turtles. 1. Loggerhead
Turtle Caretta Caretta (Linnaeus). Brisbane: Queensland Government.
Limpus, C. J. and Limpus, D. J. (2003). Loggerhead turtles in the Equatorial and
Southern Pacific Ocean: a species in decline. In Loggerhead Sea Turtles (ed. A. B.
Bolten and B. E. Witherington), pp. 199-209. Washington: Smithsonian Books.
Limpus, C. J., Fleay, A. and Baker, V. (1984). The flatback turtle, Chelonia depressa,
in Queensland: reproductive periodicity, philopatry and recruitment. Australian
Wildlife Research 11, 579-587.
Fig. 1. Blood lactate, blood glucose and blood corticosterone concentration
from crawl until 4 hours of frenzy swimming in loggerhead (C. caretta) and
flatback (N. depressus) turtle hatchlings from the Mon Repos rookery.
Sample sizes for loggerhead and flatback turtles are listed in Table 1.
Anaerobic use in sea turtles 4
B
io
lo
g
y
O
p
e
n
McEwen, B. S. and Wingfield, J. C. (2003). The concept of allostasis in biology and
biomedicine. Horm. Behav. 43, 2-15.
Munck, A. and Koritz, S. B. (1962). Studies on the mode of action of glucocorticoids in
rats. I. Early effects of cortisol on blood glucose and on glucose entry into muscle,
liver and adipose tissue. Biochim. Biophys. Acta 57, 310-317.
Neave, N. (2008). Hormones And Behaviour: A Psychological Approach, p. 366.
Cambridge; New York: Cambridge University Press.
Nelson, R. J. (2005). An Introduction To Behavioral Endocrinology, 3rd edition, p. 816.
Sunderland: Sinauer Associates.
Pereira, C. M., Booth, D. T. and Limpus, C. J. (2011). Locomotor activity during the
frenzy swim: analysing early swimming behaviour in hatchling sea turtles. J. Exp.
Biol. 214, 3972-3976.
Pereira, C. M., Booth, D. T. and Limpus, C. J. (2012). Swimming performance and
metabolic rate of flatback Natator depressus and loggerhead Caretta caretta sea turtle
hatchlings during the swimming frenzy. Endang. Species Res. 17, 43-51.
Pfaller, J. B., Limpus, C. J. and Bjorndal, K. A. (2009). Nest-site selection in individual
loggerhead turtles and consequences for doomed-egg relocation. Conserv. Biol. 23, 72-80.
Salmon, M. and Wyneken, J. (1987). Orientation and swimming behavior of hatchling
loggerhead turtles Caretta caretta L. during their offshore migration. J. Exp. Mar.
Biol. Ecol. 109, 137-153.
Salmon, M., Hamann, M., Wyneken, J. and Schauble, C. (2009). Early swimming
activity of hatchling flatback sea turtles Natator depressus: a test of the ‘predation
risk’ hypothesis. Endang. Species Res. 9, 41-47.
Whelan, C. L. and Wyneken, J. (2007). Estimating predation levels and site-specific
survival of hatchling loggerhead seaturtles (Caretta caretta) from South Florida
beaches. Copeia 2007, 745-754.
Wyneken, J. (1997). Sea turtle locomotion: mechanisms, behavior and energetic. In The Biology
Of Sea Turtles (ed. P. L. Lutz and J. A. Musick), pp. 165-198. Boca Raton: CRC Press.
Wyneken, J. and Salmon, M. (1992). Frenzy and postfrenzy swimming activity in
loggerhead, green and leatherback hatchling sea turtles. Copeia 1992, 478-484.
Anaerobic use in sea turtles 5
B
io
lo
g
y
O
p
e
n
